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The main function of skin is the protection of the body from the external 
environment by preventing loss of water and the ingress of exogenous sub-
stances. This implies that the skin acts as a barrier for the diffusion of sub-
stances into the underlying tissue. Despite this role, the skin has become 
recognized as an important drug delivery route which can be reached directly. 
It is an ideal site for the application of drugs for achieving local (topical) and 
systemic (transdermal) drug effects. Local or topical drug delivery assumes 
treating various skin diseases, while transdermal delivery aims to achieve 
systemically active drug levels in order to treat systemic diseases. Drugs have 
been applied to the skin to achieve also regional drug delivery which involves 
drug application to the skin to treat or alleviate disease symptoms in deep tis-
sues beneath the skin (such as in musculature, etc.). Topical and transdermal 
drug delivery offer a number of advantages compared to other conventional 
routes, and hence they are of great interest to pharmaceutical research, which 
explains the increasing interest in skin as a site of drug application.

However, skin represents a formidable barrier for percutaneous drug 
absorption, being of crucial importance for achieving topical and transdermal 
effects of drugs. Significant efforts have been devoted to developing strate-
gies to overcome the impermeability of intact human skin. There are many 
ways for circumventing the stratum corneum, which provides the main bar-
rier to drug penetration. These methods can be divided into chemical and 
physical penetration enhancement methods, i.e. percutaneous penetration 
enhancers, which are described in this book series Percutaneous Penetration 
Enhancers.

The aim of this book series is to provide to readers working in academia 
and industry, including young researchers, an up-to-date comprehensive 
work describing all the important topics required to understand the principles 
of enhancing transdermal and dermal drug delivery. The book series contains 
five books.

The book Chemical Methods in Penetration Enhancement: Drug 
Manipulation Strategies and Vehicle Effects begins with a description of the 
skin, as understanding of its structure, function and especially its penetration 
pathways is fundamental to understanding how topical and transdermal dos-
age forms work and how different methods may be employed to enhance 
percutaneous drug penetration. The first two parts of the book devoted to skin 
and the stratum corneum, representing its uppermost layer being responsible 
for its protection, discuss their structure, the importance of the lipid 

Preface



vi

organization in the stratum corneum, the different penetration pathways 
through the skin with an emphasis on the increasing importance of the 
follicular route, as well as the influence of different excipients on the skin. 
The focus of the book is on the chemical methods used to overcome the 
impermeability of intact skin, such as different drug manipulation strategies 
(drug or prodrug selection, chemical potential control, eutectic systems, 
complexes with cyclodextrines, etc.) and formulation/vehicle effects (influ-
ences of emulsions, nanoemulsions, pickering emulsions, microemulsions, 
emulsifiers, emollients, liquid crystalline structures, gels, etc.) on the penetra-
tion enhancement of drugs.

The book Chemical Methods in Penetration Enhancement: Nanocarriers 
describes similarly to the first book chemical methods used in penetration 
enhancement of drugs. However, this book is devoted to the application of dif-
ferent kinds of nanocarriers and represents an attempt to familiarize the read-
ers with the importance of nanocarriers used to enhance the percutaneous 
penetration of drugs as they have numerous advantages in comparison to con-
ventional drug formulations. More recently, different types of nanocarriers 
have been designed by researchers which allow controlled and targeted drug 
delivery (dermal or transdermal drug delivery), improved therapeutic effec-
tiveness and reduced side effects of drugs. As carriers they can be classified 
into lipid-based vesicles (e.g. liposomes, transfersomes, invasomes, etc.), sur-
factant-based vesicles (e.g. niosomes, novasomes and others), lipid-based par-
ticulate carriers (e.g. solid lipid nanoparticles, nanostructured lipid carriers 
and lipid nanocapsules), polymer-based particulate carriers (e.g. polymeric 
nano- and microparticles, polymeric nanocapsules, polymeric micelles, den-
drimers, dendritic core-multishell nanocarriers, etc.), nanocrystals and others. 
This book focusing on the different nanocarriers gives a comprehensive review 
of their use as promising dermal and transdermal drug delivery systems. It also 
considers the use of nanocarriers for cutaneous immunization offering the 
important advantage of being painless and having a stronger immune response 
compared to the intramuscular injection of vaccines. In addition, the book 
provides insights on the safety of the use of nanoparticles.

The book Chemical Methods in Penetration Enhancement: Modification 
of the Stratum Corneum similarly to the aforementioned two books describes 
the chemical methods used in penetration enhancement of drugs with an 
emphasis on the enhancing methods used to modify the stratum corneum. It 
starts with the classification of penetration enhancers, their mode of action, 
and provides insights on the structure–activity relationship of chemical pen-
etration enhancers. The focus of this book is on the most commonly used 
classes of skin penetration enhancers being investigated in scientific literature 
and used in commercial topical and transdermal formulations, and their rep-
resentatives are discussed in more detail, including their mechanism of action, 
where known. The following penetration enhancers are considered in the 
book: alcohols (e.g. ethanol, etc.), glycols (e.g. propylene glycol, etc.), 
amides (e.g. 1-dodecylazacycloheptan-2-one or laurocapram (Azone®), 
etc.), fatty acids (e.g. oleic acid, etc.), fatty acid esters (e.g. isopropyl 
myristate, etc.), ether alcohols (e.g. diethylene glycol monoethyl ether 
(Transcutol®)), pyrrolidones (e.g. N-methyl-2-pyrrolidone, etc.), sulphoxides 
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(e.g. dimethyl sulphoxide, etc.), surfactants (e.g. polysorbates, etc.), terpenes 
(e.g. L-menthol, etc.), peptides and new classes of enhancers, such as imino-
sulfuranes, transcarbams, dimethylamino acid esters and dicarboxylic acid 
esters. In addition, synergistic effects of different chemical penetration 
enhancers have been discussed in the book as an important feature of chemi-
cal penetration enhancers. Furthermore, the safety profile of chemical pene-
tration enhancers is considered.

The book Physical Methods in Penetration Enhancement considers the 
current status and possible future directions in the emerging area of physical 
methods being used as potent enhancers for the percutaneous penetration of 
drugs. It gives a comprehensive overview of the most used methods for 
enhancing dermal and transdermal drug delivery. It covers sonophoresis, 
iontophoresis, electroporation, magnetophoresis, microneedles, needle-free 
jet injectors, ablation methods (electrical, thermal or laser skin ablation) and 
others. The numerous advantages of these methods have opened new fron-
tiers in the penetration enhancement of drugs for dermal and transdermal 
drug delivery. Cutaneous vaccination and gene delivery by physical methods 
have been also discussed in this volume. Consideration was given to new 
methods, too, such as a novel electrochemical device for penetration enhance-
ment, different waves (e.g. photoacoustic waves, microwaves, etc.), natural 
submicron injectors, moxibustion and others. Furthermore, the combined use 
of different physical methods or of physical methods and passive enhance-
ment methods (chemical penetration enhancement methods) is discussed as 
they provide, due to their synergistic effects, higher percutaneous drug pen-
etration when used together.

The book Drug Penetration Into/Through the Skin: Methodology and 
General Considerations provides fundamental principles of the drug penetra-
tion into/through the skin, from covering basic mathematics involved in skin 
permeation of drugs, influences of drug application conditions and other fac-
tors on drug penetration, mechanistic studies of penetration enhancers, influ-
ences of the type of skin used (human native or reconstructed skin) to different 
methods utilized to assess the drug penetration into/through the skin and to 
determine the amount of permeated drug (such as tape stripping of the stra-
tum corneum, electron spin resonance, Raman spectroscopy, attenuated total 
reflection, confocal laser scanning microscopy, single and multiphoton 
microscopy, etc.). Retardation strategies are also discussed as being impor-
tant for some classes of substances, such as sunscreens. The safety of applied 
penetration enhancers as well as the research ethics in the investigation of 
dermal and transdermal drug delivery are addressed in this book. The book 
ends with the current status and future perspectives of passive/chemical and 
active/physical penetration enhancement methods as they are gaining exten-
sive interest as promising tools to enable an efficient dermal or transdermal 
drug delivery.

We are very thankful to all the authors who contributed chapters to the 
book series Percutaneous Penetration Enhancers, as they found time to work 
on the chapters despite having busy schedules and commitments. All the 
authors are eminent experts in the scientific field which was the subject of 
their chapter, and hence their contribution raised the value of the book. We 
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also sincerely thank our collaborators from Springer: Ellen Blasig, Isabella 
Formento, Sverre Klemp, Srinath Raju, Andre Tournois, Grant Weston and 
Portia Formento Wong, for their dedicated work which was necessary to 
achieve such a high standard of publication. We highly appreciate readers’ 
comments, suggestions and criticisms to improve the next edition of the book 
series.

Belgrade, Serbia� Nina Dragicevic
San Francisco, CA, USA� Howard I. Maibach
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Sonophoresis: Ultrasound-
Mediated Transdermal  
Drug Delivery

Samir Mitragotri

1.1	 �Introduction

Transdermal drug delivery offers several advan-
tages over traditional drug delivery systems such 
as oral delivery and injections (Prausnitz et  al. 
2004). In spite of its advantages, transdermal 
drug delivery suffers from the severe limitation 
that the permeability of the skin to all but a few 
small and hydrophobic molecules is very low. 
Therefore, it is difficult to deliver drugs across 
the skin at a therapeutically relevant rate. Only a 
handful of low-molecular-weight drugs are clini-
cally administered by this route today. 
Overcoming skin’s barrier properties safely and 
reversibly is a fundamental problem that drives 
innovation in the field of transdermal delivery.

1.2	 �Ultrasound 
and Sonophoresis

Ultrasound is used in various medical therapies 
(Mitragotri 2005), including lithotripsy (Coleman 
and Saunders 1993), hyperthermia (Diederich 
and Hynnen 1999), thrombolysis (Alexandrov 
2002), lipoplasty (Goes and Landecker 2002), 
wound healing (Speed 2001), fracture healing 
(Hadjiargyrou et  al. 1998), and drug delivery 
(Kost et al. 1989; Mitragotri et al. 1995a; Miller 
and Quddus 2000; Guzman et  al. 2001; Kwok 
et al. 2001; Tezel et al. 2001b; Unger et al. 2001; 
Linder 2002; Nelson et al. 2002; Price and Kaul 
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2002; Sundaram et al. 2002; Tang et al. 2002a, b; 
Wu et al. 2002). Ultrasound under various condi-
tions has been used to enhance transdermal trans-
port of drugs including macromolecules (Griffin 
and Touchstone 1963, 1968, 1972; Cameroy 
1966; Griffin et  al. 1967; Kleinkort and Wood 
1975; Quillen 1980; Benson et al. 1988; Benson 
et al. 1989; Williams 1990; Benson et al. 1991; 
Ciccone et  al. 1991; Tachibana and Tachibana 
1991; Bommannan et  al. 1992a, b; Tachibana 
1992; Byl et  al. 1993; Kost and Langer 1993; 
Machluf and Kost 1993; Tachibana and Tachibana 
1993; Menon et al. 1994; Mitragotri et al. 1995a,  
1996a, b, 1997, 2000a, d, Mitragotri 2000; 
Mitragotri and Kost 2000a, b; Johnson et  al. 
1996; Kost et  al. 1996; Kost et  al. 1999; Kost 
et al. 2000; Le et al. 2000; Tang et al. 2001; Tezel 
et al. 2001a, b; Joshi and Raje 2002; Machet and 
Boucaud 2002; Tang et  al. 2002a, b; Terahara 
et  al. 2002a, b; Tezel et  al. 2002a, b; Weimann 
and Wu 2002; Alvarez-Roman et  al. 2003; 
Merrino et al. 2003; Merriono et al. 2003; Tezel 
et al. 2003). This type of enhancement is termed 
sonophoresis, indicating the enhanced transport 
of molecules under the influence of ultrasound. 
Ultrasound at various frequencies in the range of 
20 kHz–16 MHz has been used to enhance skin 
permeability. However, transdermal transport 
enhancement induced by low-frequency ultra-
sound (f < 100 kHz) has been found to be more 
significant than that induced by high-frequency 
ultrasound (Mitragotri et al. 1995a, b; Tezel et al. 
2001a, b; Boucaud et al. 2002).

The first published report on sonophoresis dates 
back to 1950s. Fellinger and Schmidt (Fellinger 
and Schmidt 1954) reported successful treatment 
of polyarthritis of the hand’s digital joints using 
hydrocortisone ointment with sonophoresis. It was 
subsequently shown that hydrocortisone injection 
combined with ultrasound massage yielded better 
outcome compared to simple hydrocortisone injec-
tions for bursitis treatment (Coodley 1960). 
Cameroy (1966) reported success using carbocaine 
sonophoresis for closed Colles fractures. Griffin 
et al. showed improved treatment of elbow epicon-
dylitis, bicipital tendonitis, shoulder osteoarthritis, 
shoulder bursitis, and knee osteoarthritis by com-
bined application of hydrocortisone and ultrasound 

(Griffin 1966; Griffin et  al. 1967; Griffin and 
Touchstone 1968, 1972). Improved dermal pene-
tration of local anesthetics was also demonstrated 
using ultrasound (Moll 1979; McElnay et al. 1985; 
Benson et al. 1988).

Studies demonstrated that ultrasound enhanced 
the percutaneous absorption of nicotinate esters by 
disordering the lipids in the stratum corneum (SC) 
(Benson et al. 1991; McElnay et al. 1993). Similar 
conclusions were reached by Hofman and Moll 
(Hofman and Moll 1993) who studied the percuta-
neous absorption of benzyl nicotinate. While sev-
eral investigators reported positive effect of 
ultrasound on drug permeation, lack of an effect of 
ultrasound on skin permeation was also reported 
in certain cases. For example, Williams reported 
no detectable effect of 1.1-MHz ultrasound on the 
rate of penetration of three anesthetic preparations 
through human skin (Williams 1990).

Levy et  al. (1989) showed that 3–5  min of 
ultrasound exposure (1  MHz, 1.5  W/cm2) 
increased transdermal permeation of mannitol 
and physostigmine across hairless rat skin in vivo 
by up to 15-fold. They also reported that the lag 
time typically associated with transdermal drug 
delivery was nearly completely eliminated after 
exposure to ultrasound. Mitragotri et al. reported 
in vitro permeation enhancement of several low-
molecular-weight drugs under the same ultra-
sound conditions (Mitragotri et al. 1995b).

Bommannan et  al. (1992a, b) hypothesized 
that since the absorption coefficient of the skin 
varies directly with the ultrasound frequency, 
high-frequency ultrasound energy would concen-
trate more in the epidermis, thus leading to higher 
enhancements. In order to assess this hypothesis, 
they studied the effect of high-frequency ultra-
sound (2–16 MHz) on permeability of salicylic 
acid (dissolved in a gel) through hairless guinea 
pig skin in vivo. They found that a 20-min appli-
cation of ultrasound (0.2 W/cm2) at a frequency 
of 2  MHz did not significantly enhance the 
amount of salicylic acid penetrating the skin. 
However, 10-MHz ultrasound under otherwise 
the same conditions resulted in a fourfold 
increase, and 16-MHz ultrasound resulted in 
about a 2.5-fold increase in transdermal salicylic 
acid transport (Bommannan et al. 1992a, b).

S. Mitragotri
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1.3	 �Low-Frequency 
Sonophoresis

Low-frequency sonophoresis has been a topic of 
extensive research only in the last 20 years. 
Tachibana et al. (Tachibana and Tachibana 1991, 
1993; Tachibana 1992) reported that application 
of low-frequency ultrasound (48 kHz) enhanced 
transdermal transport of lidocaine and insulin 
across hairless rat skin in vivo. They found that 
the blood glucose level of a hairless rat immersed 
in a beaker filled with insulin solution (20 U/ml) 
and placed in an ultrasound bath (48  kHz, 
5000 Pa) decreased by 50 % in 240 min (Tachibana 
and Tachibana 1991). They also showed that 
application of ultrasound under similar conditions 
prolonged the anesthetic effect of transdermally 
administrated lidocaine in hairless rats (Tachibana 
and Tachibana 1993) and enhanced transdermal 
insulin transport in rabbits. Mitragotri et  al. 
(1995a, b, 1996a, b) showed that application of 
ultrasound at even lower frequencies (20  kHz) 
enhances transdermal transport of various low-
molecular-weight drugs including corticosterone 
and high-molecular-weight proteins such as insu-
lin, γ-interferon, and erythropoietin across the 
human skin in  vitro. Mitragotri et  al. compared 
the enhancement ratios induced by therapeutic 
ultrasound (1  MHz) and low-frequency ultra-
sound (20 kHz) for four permeants, butanol, corti-
costerone, salicylic acid, and sucrose. They found 
that the enhancement induced by low-frequency 
ultrasound is up to 1000-fold higher than that 
induced by therapeutic ultrasound (Mitragotri 
et  al. 1996a, b). Low-frequency sonophoresis-
mediated permeation of a number of small mole-
cules including ketoprofen, lidocaine, ascorbic 
acid, caffeine, cortisol, fentanyl, and estradiol 
across the skin has been tested. A detailed list of 
molecules tested under low-frequency sonophore-
sis is provided in Ref. Polat et al. (2011).

Low-frequency sonophoresis can be classified 
into two categories: simultaneous sonophoresis 
and pretreatment sonophoresis. Simultaneous 
sonophoresis corresponds to a simultaneous 
application of drug and ultrasound to the skin. 
This was the first mode in which low-frequency 
sonophoresis was shown to be effective. This 

method enhances transdermal transport in two 
ways: (i) enhanced diffusion through structural 
alterations of the skin and (ii) convection induced 
by ultrasound (Tang et al. 2002a, b). Transdermal 
transport enhancement induced by this type of 
sonophoresis decreases after ultrasound is turned 
off (Mitragotri et al. 2000a, b, c). Although this 
method can be used to achieve a temporal control 
over skin permeability, it requires that patients 
use a wearable ultrasound device for drug deliv-
ery. In pretreatment sonophoresis, a short appli-
cation of ultrasound is used to permeabilize the 
skin prior to drug delivery. The skin remains in a 
state of high permeability for several hours. 
Drugs can be delivered through permeabilized 
skin during this period. In this approach, the 
patient does not need to wear the ultrasound 
device. Pretreatment sonophoresis has been 
tested in the clinic (Becker et al. 2005; Gupta and 
Prausnitz 2009; Kim do et al. 2012).

1.4	 �Low-Frequency 
Sonophoresis: Choice 
of Parameters

The enhancement induced by low-frequency 
sonophoresis is determined by four main ultra-
sound parameters, frequency, intensity, duty 
cycle, and application time. A detailed investiga-
tion of the dependence of permeability enhance-
ment on frequency and intensity in the 
low-frequency regime (20 kHz < f <100 kHz) has 
been reported by Tezel et al. (2001b). At each fre-
quency, there exists an intensity below which no 
detectable enhancement is observed. This inten-
sity is referred to as the threshold intensity. Once 
the intensity exceeds this threshold, the enhance-
ment increases strongly with the intensity until 
another threshold intensity, referred to as the 
decoupling intensity, is reached. Beyond this 
intensity, the enhancement does not increase with 
further increase in intensity due to acoustic 
decoupling. The threshold intensity for porcine 
skin increased from about 0.11  W/cm2 at 
19.6 kHz to more than 2 W/cm2 at 93.4 kHz. At a 
given intensity, the enhancement decreased with 
increasing ultrasound frequency.

1  Sonophoresis: Ultrasound-Mediated Transdermal Drug Delivery
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The dependence of enhancement on intensity, 
duty cycle, and application time can be combined 
into a single parameter, total acoustic energy flu-
ence delivered from the transducer, defined as 
E = It, where I is the ultrasound intensity (W/cm2) 
during each pulse and t is the total “on time” (sec-
onds). As a general trend, no significant enhance-
ment is observed until a threshold energy fluence 
dose is reached. The threshold energy fluence 
increases with increasing frequency. Specifically, 
the threshold energy fluence dose increased by 
about 130-fold as the frequency increased from 
19.6 to 93.4  kHz. The dependence of enhance-
ment on energy fluence after the threshold is dif-
ferent for different frequencies. For extremely 
high-energy doses (say 104 J/cm2), the enhance-
ment induced by all the frequencies is compara-
ble. However, for lower energy fluence doses, the 
differences between various different frequencies 
are significant and the choice of frequency may 
affect the effectiveness of sonophoresis.

In addition to frequency and energy fluence, 
sonophoretic enhancement also depends on 
additional parameters including the distance 
between the transducer and the skin (Terahara 
et al. 2002a, b), gas concentration in the donor 
compartment (Terahara et  al. 2002a, b), and 
simultaneous exposure to other ultrasound fre-
quencies (Schoellhammer et al. 2012).

1.5	 �Mechanism of Low-
Frequency Sonophoresis

Significant attention has been devoted to under-
stand the mechanisms of low-frequency sonopho-
resis (Mitragotri et al. 1995b; Tang et al. 2002b; 
Merino et al. 2003; Tezel and Mitragotri 2003). 
Acoustic cavitation, the formation and collapse 
of gaseous cavities, has been shown to be respon-
sible for low-frequency sonophoresis (Tang et al. 
2002b; Tezel and Mitragotri 2003). Cavitation 
originates from the growth of cavitation nuclei 
in response to oscillatory pressure fluctuations 
during cavitation. During low-frequency sono-
phoresis, cavitation is predominantly induced in 
the coupling medium (the liquid present between 
the ultrasound transducer and the skin (Tezel 

et al. 2002a). The maximum radius reached 
by free cavitating bubbles is related to the fre-
quency and acoustic pressure amplitude. Under 
the conditions used for low-frequency sono-
phoresis (f ~ 20–100  kHz and pressure ampli-
tudes ~1–2.4 bar), the maximum bubble radius is 
estimated to be between 10 and 100 μm.

Two types of cavitation, stable or inertial, have 
been evaluated for their role in sonophoresis. 
Stable cavitation corresponds to periodic growth 
and oscillations of bubbles, while inertial cavita-
tion corresponds to violent growth and collapse of 
cavitation bubbles (Suslick 1989). Using acoustic 
spectroscopy, stable as well as inertial cavitation 
has been quantified (Tang et al. 2002b; Tezel et al. 
2002a). The overall dependence of inertial cavita-
tion on ultrasound intensity was found to be simi-
lar to that of conductivity enhancement (Tang 
et  al. 2002b; Tezel et  al. 2002a). Specifically, 
ultrasound intensity above the threshold value is 
required before inception of inertial cavitation is 
observed. This threshold corresponds to mini-
mum pressure amplitude required to induce rapid 
growth and collapse of cavitation nuclei. Beyond 
this threshold, white noise (indicator of inertial 
cavitation) increased linearly with ultrasound 
intensity, although at any given intensity, inertial 
cavitation activity decreased rapidly with ultra-
sound frequency (Tezel et al. 2002a). The thresh-
old intensity for the occurrence of inertial 
cavitation increased with increasing ultrasound 
frequency. This dependence reflects the fact that 
growth of cavitation bubbles becomes increas-
ingly difficult with increasing ultrasound fre-
quency. Tezel et al. showed that regardless of the 
intensity and frequency, skin conductivity 
enhancement correlated universally with a mea-
sure proportional to the total acoustic energy flu-
ence (Tezel et al. 2002a). These data suggested a 
strong role played by inertial cavitation in low-
frequency sonophoresis.

Inertial cavitation occurs in the bulk coupling 
medium as well as near the skin surface. Inertial 
cavitation at both locations may potentially be 
responsible of conductivity enhancement. Three 
mechanisms by which inertial cavitation events 
might enhance SC permeability were proposed 
(Tezel and Mitragotri 2003). These include 

S. Mitragotri
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bubbles that collapse symmetrically and emit a 
shock wave, which can disrupt the SC lipid bilay-
ers, and those that collapse asymmetrically and 
give rise to acoustic microjets that impact the 
SC. Impact of microjets may also be responsible 
for SC lipid bilayer disruption. Microjets result-
ing from collapsing bubbles near the SC surface 
may also potentially penetrate into the SC and 
disrupt the structure.

Inertial cavitation in the vicinity of a surface is 
fundamentally different from that away from the 
surface. Specifically, collapse of spherical cavita-
tion bubbles in the bulk solution is symmetric 
and results in the formation of a shock wave. This 
shock wave can potentially disrupt the structure 
of the lipid bilayers. However, the amplitude of 
the shock wave decreases rapidly with the dis-
tance. Cavitation bubbles migrate under the influ-
ence of ultrasound field toward the boundary and 
collapse near the boundary depending on its 
proximity to the surface (Naude and Ellis 1961). 
The collapse of cavitation bubbles near the 
boundary is asymmetric due to the difference in 
the surrounding conditions giving rise to the for-
mation of a liquid microjet directed toward the 
surface. The diameter of the microjet is much 
smaller than that of the maximum bubble radius 
and the speeds are expected in the range of 
50–180  m/s (Benjamin and Ellis 1966; Plesset 
and Chapman 1971; Lauterborn and Bolle 1975).

Tezel et  al. evaluated the effect of spherical 
collapses as well as microjets on skin permeabil-
ity enhancement (Tezel and Mitragotri 2003). 
They concluded that both types of cavitation 
events may be responsible for sonophoresis and 
about 10 collapses/s/cm2 in the form of spherical 
collapses or microjets near the surface of the stra-
tum corneum may explain experimentally 
observed conductivity enhancements.

1.6	 �Permeation Pathways 
of Low-Frequency 
Sonophoresis

Significant effort has been focused on under-
standing the mechanisms of low-frequency sono-
phoresis and permeation pathways through the 

skin. Cavitation-induced disruption of SC lipid 
bilayers due to bubble-induced shock waves or 
microjet impact may enhance skin permeability 
by at least two mechanisms. First, a moderate 
level of disruption decreases the structural order 
of lipid bilayers and increases solute diffusion 
coefficient (Mitragotri 2001). At a higher level of 
disruption, lipid bilayers may lose structural 
integrity and facilitate penetration of the coupling 
medium into the SC.  Since many sonophoresis 
experiments reported in the literature are per-
formed using coupling media comprising aque-
ous solutions of surfactants, disruption of SC 
lipid bilayers enhances incorporation of surfac-
tants into lipid bilayers. Incorporation of exces-
sive water and surfactants further promotes 
bilayer disruption, thereby opening pathways for 
solute permeation (Walters 1990; Black 1993). 
Alvarez-Roman et al. reported that lipid extrac-
tion also plays a role in low-frequency sonopho-
resis (Alvarez-Roman et  al. 2003). Ultrasound 
has also been shown to induce convective flow 
across the skin. Morimoto et  al. reported that 
41-kHz ultrasound has the potential to induce 
convective solvent flow to increase the skin per-
meation of hydrophilic calcein in excised hairless 
rat skin (Morimoto et al. 2005). Similar conclu-
sions have also been reached by Tang et  al. 
(2001).

The effects of ultrasound-induced cavitation 
on the skin have been shown to be highly het-
erogeneous in nature (Tezel et al. 2001b, 2002a, 
b; Alvarez-Roman et  al. 2003; Merino et  al. 
2003; Kushner et  al. 2004; Paliwal et  al. 2006; 
Kushner et al. 2007, Kushner et al. 2008), leading 
to localized regions of high permeability. These 
highly permeabilized regions were labeled local-
ized transport regions (LTRs). Using calcein as 
a model permeant, Kushner et  al. demonstrated 
that the localized transport regions (LTRs) are 
approximately 80-fold more permeable than 
the surrounding regions of the skin (the non-
LTRs) (Kushner et  al. 2004). The difference in 
the enhancements of the LTRs and the non-LTRs 
was confirmed using skin electrical resistiv-
ity measurements. The skin electrical resistiv-
ity in the LTRs was found to be approximately 
30-fold lower than in the non-LTRs. Transport 
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was enhanced even in the non-LTR region. 
Specifically, the skin electrical resistivity of the 
non-LTRs was found to be approximately 170-
fold lower than that of untreated skin, while the 
skin electrical resistivity of the LTRs was found 
to be approximately 5000-fold lower than that 
of untreated skin. Using mathematical models, 
the authors showed that the porosity values of 
the LTRs were three- to eightfold higher than 
those of the non-LTRs, while only a small differ-
ence in the tortuosity values of the LTRs and of 
the non-LTRs was observed. These results sug-
gest that the difference in the permeabilities of 
the LTRs and non-LTRs is due to the creation of 
more aqueous pathways in the LTRs than in the 
non-LTRs (Kushner et al. 2008). In a subsequent 
investigation using two-photon microscopy, the 
same authors confirmed the presence of LTRs 
and reported on transcellular pathways in the 
LTRs (Kushner et al. 2007).

Morimoto et al. studied the transport pathway 
of fluorescently labeled hydrophilic dextran mol-
ecules (40  kDa) in hairless rat skin after low-
frequency sonophoresis using confocal 
microscopy (Morimoto et al. 2005). Upon ultra-
sound exposure, dextran molecules penetrated 
into the skin, up to a depth of 20 μm. Several 
crack-like structures were observed in the soni-
cated skin that lied under the ultrasound trans-
ducer. Fluorescence of dextran in these structures 
as well as the hexagonally shaped units, presum-
ably keratinocytes, was also seen. It was con-
cluded that low-frequency sonophoresis increased 
the transdermal transport of hydrophilic solutes 
by causing a degree of structural alteration and 
then inducing convective solvent flow probably 
via both corneocytes and lipids of the stratum 
corneum as well as newly developed routes.

Alvarez-Román et  al. studied the effect of 
low-frequency ultrasound (20  kHz) on the skin 
using confocal microscopy (Alvarez-Roman 
et al. 2003). They reported that the areas of the 
skin made permeable by sonophoresis were dis-
crete and were separated by regions of the SC 
that had not been significantly affected by the 
application of ultrasound (US). In some regions, 
delivery of the fluorophore was seen below the 
substratum corneum region of the skin; however, 

adjacent sites in ultrasound-treated skin showed 
that there has been retention of the fluorescent 
probe at the stratum corneum surface and, by 
implication, no opening of new permeation path-
ways across the barrier.

The manifestation of LTRs in the skin changed 
with the frequency of ultrasound exposure. At 
20 kHz, Tezel et al. observed that the LTRs are 
discretely distributed as patches of 1 mm in diam-
eter and occupied about 5 % of the total 
ultrasound-exposed skin area (Tezel et al. 2002b, 
c). With an increase in ultrasound frequency, 
LTRs were found to be more homogeneously dis-
tributed on the skin (Tezel et al. 2001b). The opti-
mum appeared to be around 60  kHz where 
significant transport enhancements were obtained 
with reasonable energy doses while simultane-
ously achieving reasonable homogeneity of the 
transport pathway.

Paliwal et  al. studied the heterogeneity of 
transdermal transport during low-frequency 
sonophoresis using delivery of quantum dots 
(QDs, 20 nm in diameter) (Paliwal et al. 2006). 
QDs were found to localize in discrete regions 
spanning about 40–80  μm in width and up to 
60 μm deep in the LTRs. Heterogeneity in QD 
distribution was also observed at a nanometer 
length scale in the skin using electron micros-
copy. The existence of QD-localized pockets (up 
to 50 nm wide and 300 nm long) was observed 
within the intercellular lipids and corneodesmo-
some junctions of the stratum corneum and occa-
sionally into corneocytes of the LTRs. Electron 
micrographs of untreated skin showed scattered 
and non-connected defects within the intercellu-
lar lipid lamellae. Application of ultrasound sig-
nificantly increased the occurrence and size of 
defects in the bilayers of the stratum corneum. 
Furthermore, application of ultrasound in the 
presence of sodium lauryl sulfate induced similar 
but more pronounced dilatory defects in the ultra-
structure of the stratum corneum. Quantitative 
analysis showed that while area density of defects 
significantly increased in the stratum corneum, 
their number density did not change for 
ultrasound-treated skin as compared to controls. 
It was hypothesized that ultrasound induced dila-
tation and higher connectivity of voids in the 
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stratum corneum, which possibly led to the 
formation of a well-connected three-dimensional 
porous network in the stratum corneum, which is 
capable of transporting QDs as well as other 
macromolecules across the skin.

1.7	 �Macromolecular Delivery

1.7.1	 �Peptides and Proteins

Low-frequency sonophoresis has been shown to 
deliver several macromolecular drugs. Tachibana 
and Tachibana demonstrated that a 5-min expo-
sure to ultrasound (40  kHz, 3000–5000  Pa) 
induced a significant reduction of blood glu-
cose levels in rats exposed to insulin (Tachibana 
and Tachibana 1991). Specifically, the glucose 
level decreased to 34 % of the initial value at 
lower pressures and to 22 % of the initial value 
at higher acoustic pressures. Comparable results 
were obtained in rabbits at somewhat higher fre-
quencies (150 kHz). Mitragotri et al. performed 
in vitro and in vivo evaluation of the effect of low-
frequency ultrasound on transdermal delivery of 
proteins (Mitragotri et al. 1995a). Application of 
low-frequency ultrasound (20 kHz, 125 mW/cm2, 
100-ms pulses applied every second) enhanced 
transdermal transport of proteins including insu-
lin, γ-interferon, and erythropoietin across human 
cadaver skin in vitro (Mitragotri et al. 1995a, b). 
Ultrasound under the same conditions delivered 
therapeutic doses of insulin across hairless rat 
skin in  vivo from a chamber glued on the rat’s 
back and filled with an insulin solution (Mitragotri 
et  al. 1995a, b). A simultaneous application of 
insulin and ultrasound from outside (20  kHz, 
225 mW/cm2, 100-ms pulses applied every sec-
ond) reduced the blood glucose level of diabetic 
hairless rats from about 400 mg/dL to 200 mg/dL 
in 30  min. A corresponding increase in plasma 
insulin levels was observed during sonophoresis. 
Boucaud et al. also demonstrated a dose-depen-
dent hypoglycemia in hairless rats exposed to 
ultrasound and insulin (Boucaud et al. 2002). At 
an energy dose of 900 J/cm2 ~ 75 %, reduction in 
glucose levels was reported. Pretreatment of the 
skin by low-frequency ultrasound (20 kHz, ~7 W/

cm2) has also been shown to enhance skin per-
meability to insulin (Mitragotri and Kost 2004). 
More recently Smith et  al. (Smith et  al. 2003) 
have demonstrated ultrasonic transdermal insu-
lin delivery in rabbits and rats with a low-profile 
two-by-two ultrasound array based on the cymbal 
transducer. In rats, the blood glucose decreased 
to 233 ± 22 mg/dL in 90 min after 5 min of pulsed 
ultrasound exposure. In rabbits, the glucose level 
was found to decrease to 133 ± 36  mg/dL from 
the initial baseline in 60  min. Low-frequency 
sonophoresis has been shown to enhance trans-
dermal transport of several other peptides includ-
ing cyclosporine (Santoianni et  al. 2004) and 
LHRH (Tezel et al. 2002b, c).

1.7.2	 �Low-Molecular-Weight 
Heparin

Low-frequency ultrasound has also been shown 
to deliver low-molecular-weight heparin 
(LMWH) across the skin (Mitragotri and Kost  
2000b). Transdermal LMWH delivery was mea-
sured by monitoring anti-factor Xa activity in 
blood. No significant anti-factor Xa activity was 
observed when LMWH was placed on non-
treated skin. However, significant amount of 
LMWH was transported transdermally after 
ultrasound pretreatment. Anti-factor Xa activity 
in the blood increased slowly for about 2 h, after 
which it increased rapidly before achieving a 
steady state after 4 h at a value of about 2 U/ml 
(Mitragotri and Kost 2000b). Effect of transder-
mally delivered LMWH was observed well 
beyond 6 h in contrast to intravenous or subcuta-
neous injections, which resulted only in transient 
biological activity.

1.7.3	 �Oligonucleotides

Low-frequency ultrasound has also been shown 
to enhance dermal penetration of oligonucle-
otides (ODN) (Tezel et al. 2004). A 10-min appli-
cation of ultrasound (20  kHz and 2.4  W/cm2) 
increased skin ODN permeability to 4.5 × 10−5 
cm/h compared to nearly undetectable values 
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across non-treated skin. A significant amount of 
ODN was also localized in the skin. Greater 
enhancements of ODN delivery were obtained by 
simultaneous application of ultrasound and 
ODN. Experiments performed with FITC-labeled 
ODN revealed that ODN is largely localized in 
the superficial layers of the skin. To ensure that 
ODN penetrated into the skin without losing 
integrity, the skin exposed to ODN in the pres-
ence of ultrasound was assessed using immuno-
histochemistry. No visible staining was observed 
in case of passive delivery; however, the skin 
treated with LFS was heavily stained suggesting 
penetration of oligonucleotide delivery. ODN 
was localized in the epidermis as well as dermis. 
Furthermore, microscopy studies suggested that 
ODN penetrated into epidermal cells.

1.7.4	 �Vaccines

Recently, low-frequency sonophoresis has also 
been used to deliver vaccines across the skin (Tezel 
et al. 2005). Transcutaneous immunization (TCI) 
promises to be a potent novel vaccination tech-
nique since topical immunization elicits both sys-
temic and mucosal immunity (Gockel et al. 2000). 
TCI is based on the premise that systemic and 
mucosal immune responses can be initiated by 
stimulation of the Langerhans cells (LCs) in the 
skin. Ultrasonic delivery of tetanus toxoid gener-
ated a strong IgG response in animals (Scharton-
Kersten et  al. 2000). Two possible mechanisms 
were proposed by the author to explain why pre-
treatment of the skin with low-frequency ultra-
sound prior to contact with the antigen vaccine 
may enhance the immune response. One possible 
mechanism is that ultrasound pretreatment results 
in increased delivery of the vaccine compared to 
control, thus enabling sufficient amount of vaccine 
to enter the skin in order to activate the skin’s 
immune response. However, a comparison of the 
response obtained by TCI and subcutaneous 
immunization showed that IgG immune response 
elicited by TCI is almost tenfold more effective 
per dose compared to subcutaneous injections. 
The second mechanism involves the involvement 

of Langerhans cells (LCs) and immune cells of the 
skin that effectively capture the antigen and pres-
ent it to the immune system. Clear activation of 
LCs was observed after ultrasonic tetanus toxoid 
delivery. LC activation is partly induced by the 
entry of the antigen and partly by the direct effect 
of ultrasound on the skin.

1.8	 �Clinical Studies

Relatively few clinical studies have been 
conducted to investigate drug delivery with 
low-frequency sonophoresis. Clinical stud-
ies involving 30 patients affected by alopecia 
areata showed that low-frequency sonophoresis 
(25  kHz, 50–100  mW/cm2) successfully deliv-
ered methylprednisolone (374.5  Da) and cyclo-
sporine (1202.6  Da) (Santoianni et  al. 2004). 
Both methylprednisolone and cyclosporine in 
combination with ultrasound were shown to 
produce significant effects. Separate studies in 
women with either melasma or solar lentigo con-
firmed efficacy of low-frequency sonophoresis in 
delivering ascorbic, azelaic, and kojic acids using 
similar ultrasound parameters.

Katz et al. reported on the use of low-frequency 
sonophoresis for topical delivery of a local anes-
thetic, eutectic mixture of local anesthetics 
(EMLA®, lidocaine and prilocaine), AstraZeneca 
(Katz et al. 2004). This study used SonoPrep®, a 
device marketed by Echo Therapeutics, Inc., 
USA. Ultrasound at a frequency of 55 kHz was 
delivered to the skin through an aqueous ultra-
sound coupling medium. The study involved 42 
healthy human subjects. At the end of ultrasound 
application, ultrasound application site was wiped 
dry and EMLA® or a placebo cream was placed 
on the skin. The onset of cutaneous anesthesia 
after ultrasound pretreatment was rapid. The level 
of anesthesia obtained by only 5-min exposure to 
EMLA® after ultrasound exposure was compara-
ble to that of application of EMLA® alone for 
60  min. No significant cutaneous changes were 
observed due to ultrasound application. Similar 
results were recently reported by Becker et  al., 
who delivered 4 % liposomal lidocaine cream 
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after skin pretreatment with SonoPrep® (Becker 
et al. 2005). The ultrasound group showed signifi-
cantly less pain than controls (p < 0.001). There 
were no adverse side effects noted during the 36 h 
of the follow-up period. The ability of SonoPrep® 

in delivering topical anesthesia was also con-
firmed in pediatric population as a means to mini-
mize pain prior to intravenous cannulation in the 
emergency department. Children aged between 5 
and 10 years received either sonophoresis with 
SonoPrep® or sham sonophoresis followed by 
application of EMLA® cream for 5 min prior to 
cannulation. The VAS pain score was significantly 
lower in children treated with sonophoresis com-
pared with those with sham sonophoresis (Kim do 
et al. 2012).

1.9	 �Transdermal Extraction 
of Analytes Using 
Sonophoresis

Low-frequency ultrasound skin pretreatment has 
also been used to extract glucose and other analytes 
from the skin (transport in the opposite direction, 
from the interstitial compartment through the skin 
into a reservoir filled with water placed on the top 
of the pretreated skin). Several analytes including 
glucose, calcium, albumin, urea, lactate, triglyc-
erides, and dextran (the last analyte was injected 
intravenously) were extracted after the application 
of partial vacuum (10 in. Hg) across ultrasound-
exposed rat skin for 15  min (Mitragotri et  al. 
2000a, b). This procedure extracted about 10 μl of 
ISF in 15 min. Correlation between analyte con-
centrations in sonophoretically extracted fluid and 
blood was analyzed using glucose. After initial 
calibration, transdermally extracted glucose flux 
correlated well with the changes in the blood glu-
cose level in the hypo- and hyperglycemic range. 
The relationship between the predicted and mea-
sured glucose values was linear (r = 0.97). Similar 
results were reported by Kost et  al. in the tests 
performed in human volunteers (Kost et al. 2000). 
Specifically, ultrasound was used to permeabilize 
the skin of human volunteers. A short application 
of ultrasound permeabilized the skin for about 

15  h. Concentration of glucose in the extracted 
fluid was measured and compared with blood 
glucose values. The results showed good correla-
tion between glucose in the interstitial fluid and in 
the blood. Furthermore, patients reported no pain 
upon ultrasound application. Kost et al. reported 
follow-up clinical studies on diabetic volunteers 
where glucose extracted through sonophoretically 
permeabilized skin was shown to correlate with 
blood glucose values.

1.10	 �Safety of Low-Frequency 
Ultrasound

Safety of low-frequency sonophoresis has been 
evaluated in several studies. Histological studies 
performed on rat and pig skin indicated no struc-
tural changes in the skin on a length scale of ~μm 
(Mitragotri et al. 1996a, b). Accordingly, the struc-
tural changes in the stratum corneum appear to 
occur at a submicron scale. Singer et al. performed 
a toxicological analysis of low-frequency sono-
phoresis. They found a dose-dependent effect of 
ultrasound on the skin. They concluded that low-
frequency ultrasound at low intensities appears 
safe for enhancing the topical delivery of medica-
tions, producing only minimal urticarial reactions. 
Higher-intensity ultrasound produced significant 
thermal effects (Singer et al. 1998). Boucaud et al. 
also performed a microstructural analysis of skin 
samples exposed to ultrasound. They reported no 
detectable changes in the skin structure of human 
skin at an intensity of 2.5 W/cm2. Hairless rat skin 
exposed to the same intensity showed slight and 
transient erythema and dermal necrosis at 24  h 
(Boucaud et al. 2001). Tolerance of low-frequency 
ultrasound by patients has been reported in a num-
ber of studies. Kost et  al. reported that low-fre-
quency ultrasound was well tolerated by patients 
(Kost et al. 2000). More recently, a clinical study 
on the use of low-frequency ultrasound for lido-
caine delivery has also been reported (Katz et al. 
2004). A device based on low-frequency sonopho-
resis, SonoPrepTM (Echo Therapeutics, USA), has 
recently been approved by the FDA for skin 
permeabilization.
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The Mechanism of Sonophoresis 
and the Penetration Pathways

Sang Eun Lee, Jongbum Seo, and Seung Hun Lee

2.1	 �Introduction

Sonophoresis uses ultrasound as a physical 
enhancer for systematic transdermal drug deliv-
ery (TDD). Historically, sonophoresis was first 
reported in 1950s along with other therapeutic 
ultrasound applications such as noninvasive sur-
gical treatment of neurological disorders includ-
ing Parkinson disease (Fry 1954; Fry et al. 1954, 
1958). According to Fellinger and Schmidt, 
hydrocortisone ointment applied with ultrasound 
substantially improved the treatment of polyar-
thritis of the digital joints (Fellinger et al. 1954). 
Griffin et al. had published a series of sonophore-
sis experimental results for various applications 
(mostly pain-releasing application) of hydrocor-
tisone with the aid of ultrasound in the 1960s 
(Griffin 1966; Griffin et  al. 1967; Griffin and 
Touchstone 1968). Later in the1980s, McElnay 
et al. and Benson et al. showed that sonophoresis 
could be used for the application of local anes-
thetics (McElnay et al. 1985, 1987; Benson et al. 
1988, 1991). Although these early reports had 
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shown the application possibilities of sonophore-
sis, the effect of sonophoresis was still smaller 
than expected, and there was lack of rigorous 
physical and engineering approaches to improve 
sonophoresis in its early days.

Systemic research regarding the core parame-
ters in sonophoresis, such as frequency, intensity, 
and duty cycles of the pulsed ultrasound, started 
in the 1990s, and the reported therapeutic effi-
cacy of sonophoresis increased drastically during 
this period. Bommannan et al. hypothesized ther-
mal effect of ultrasound would be the main 
mechanism of sonophoresis and conducted the 
experiments with 2–16  MHz ultrasound 
(Bommannan et al. 1992a, b). As they expected, 
2 MHz ultrasound did not significantly enhance 
the amount of salicylic acid penetrated into pig 
skin, while 10  MHz ultrasound increased the 
delivery of salicylic acid fourfold with the same 
used intensity of 0.2  W/cm2. This frequency 
dependency could be linked to the higher absorp-
tion of ultrasonic energy in tissue as the frequency 
increases (Szabo 2004). On the other hand, 
Tachibana et al. and Mitragotri et al. have demon-
strated that low-frequency ultrasound (~100 kHz) 
is effective in transdermal delivery of various 
therapeutic compounds (Tachibana and Tachibana 
1991, 1993; Tachibana 1992; Mitragotri et  al. 
1995a, b, 1996).

Interestingly, low-frequency sonophoresis has 
shown much higher increase of skin permeability 
compared to that of sonophoresis with MHz 
range ultrasound. In some cases, the amount of 
transported permeants could be increased up to 
3000 times with low-frequency sonophoresis 
compared to control permeability without sono-
phoresis treatment (Mitragotri et al. 1996). These 
intriguing reports brought worldwide attention to 
low-frequency sonophoresis, and numerous 
related studies have been conducted.

Sonophoresis has several characteristic proper-
ties compared to other physical TDD methods 
such as iontophoresis, electroporation, and 
microneedles. The first is that the electrical prop-
erties of the permeant are not significant factors in 
sonophoresis. Stratum corneum (SC) is a stiff bar-
rier to foreign substances in general and charged 
molecules experience more difficulty to cross SC 

than neutral molecules, and therefore liposomes 
have been studied to encapsulate charged drugs 
(Cevc et al. 1995). However, sonophoresis can be 
used for both hydrophilic and lipophilic perme-
ants effectively (Mitragotri et  al. 1995a, b; 
Boucaud et  al. 2001; Smith 2007). The second 
property is that sonophoresis can be a pretreat-
ment method or a simultaneous delivery method 
with solutes. Even though Meidan et al. reported 
that the effect of sonophoresis rapidly decreased 
to normal with MHz range ultrasound (Meidan 
et al. 1998), most of recent low-frequency sono-
phoresis studies showed that the increased skin 
permeability sustains up to 48  h under certain 
conditions such as occlusion (Mitragotri et  al. 
1995a, b; Le et al. 2000; Lavon and Kost 2004; 
Gupta and Prausnitz 2009; Kim do et al. 2012). 
The third property is that sonophoresis can be 
combined with other physical TDD methods rela-
tively easily. The sustained skin permeability pro-
vides time window of additional TDD methods, 
such as iontophoresis, electroporation, and chem-
ical penetration enhancers (Le et al. 2000; Gupta 
and Prausnitz 2009; Kim do et al. 2012; Kost et al. 
1996; Johnson et al. 1996; Mitragotri et al. 2000a; 
Mitragotri 2000; Tezel et al. 2002a; Dahlan et al. 
2009a; Schroeder et al. 2009). Additionally, ultra-
sound transducers, which are the source of 
mechanical wave generation, can generally be 
manufactured to be chemically and electrically 
resistant in various shapes, so that simultaneous 
application of other methods with sonophoresis 
can also be achieved relatively easily (Maione 
et al. 2002; Park et al. 2007; Fiorillo et al. 2012). 
The last property characteristic for sonophoresis 
is that frequency is a critical factor in sonophore-
sis. Low-frequency sonophoresis (~100  kHz) 
induces a significant increase of the skin permea-
bility compared to higher-frequency (1–20 MHz) 
sonophoresis (Mitragotri et  al. 1995a, 1996; 
Smith 2007; Mitragotri 2000; Mitragotri et  al. 
2000c; Tezel et  al. 2001, 2002b; Terahara et  al. 
2002; Al-Bataineh et al. 2011). Due to this fact, 
the main mechanism of sonophoresis is believed 
to be cavitation.

In this chapter, we will focus on the mecha-
nisms which can explain the sonophoresis fea-
tures mentioned above. The effects of ultrasound 
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in tissue can be classified into two categories: 
thermal effects and nonthermal effects including 
cavitation and acoustic streaming (Wang et  al. 
2005). Thermal and cavitational factors will be 
discussed from the scientific viewpoint. In addi-
tion, the delivery pathway will be covered based 
on the current research evidences. Various appli-
cations of sonophoresis with commercially avail-
able equipment and safety issue will follow at the 
end of the chapter.

2.2	 �Mechanism of Sonophoresis

2.2.1	 �Thermal Effect

During sonication, ultrasound energy is par-
tially attenuated into the tissue. The energy 
attenuation of ultrasound depends on absorption 
and scattering in each tissue (Nyborg 2001). 
Absorption of energy by tissue causes a local 
temperature increase, which depends upon 
ultrasound frequency, intensity, area of the 
ultrasound beam, duration of exposure, and the 
rate of heat removal from the target by blood 
flow or conduction (Merritt et  al. 1992). The 
temperature increase in the skin may increase 
the permeability coefficient due to an increase 
of the diffusion coefficient. Merino et  al. 
reported enhanced transdermal permeability of 
mannitol caused by this temperature increase 
(Merino et al. 2003). The skin temperature was 
increased for 20  °C with low-frequency ultra-
sound (20  kHz), and the transdermal mannitol 
delivery determined using the glucose dehydro-
genase-NADPH coupled assay was enhanced 
35-fold compared to that of passive control. 
However, only 25 % of this improvement in 
transdermal mannitol delivery was attributed to 
the increased temperature induced by ultra-
sound (Merino et al. 2003). This contradictory 
experimental result indicates that thermal 
energy alone may not play a significant role in 
promoting TDD, even though the temperature 
increase may affect the skin permeability. Skin 
heating by ultrasound increases transdermal 
transport by fluidizing SC lipids and/or increas-
ing convective flow (Wang et al. 2005).

2.2.2	 �Cavitation Effect

Cavitation is defined as the creation of a new 
surface or expansion, contraction, and distor-
tion of preexisting gaseous bubbles in a liquid 
medium (Leighton 1997). Acoustic cavitation 
occurs due to the nucleation of small gaseous 
cavities during the negative pressure cycles of 
ultrasound, followed by the growth of these 
bubbles throughout subsequent pressure cycles. 
Since cavitation nuclei are random in size, type, 
and shape in biological environments, cavita-
tion is a stochastic event. Cavitation can be fur-
ther classified into two categories according to 
activity of gaseous bubbles related to the acous-
tic field, namely, stable cavitation and inertial 
cavitation (Mitragotri et  al. 1995a; Leighton 
1997).

2.2.2.1	 �Stable Cavitation
Stable cavitation corresponds to a continuous 
oscillation of bubbles about the equilibrium 
radius in response to lower positive and negative 
pressures in an acoustic field (less than ~1 MPa 
with an inverse dependence on frequency) 
(Carvell and Bigelow 2011). Oscillation of bub-
bles around asymmetric boundary conditions by 
stable cavitation leads to microstreaming, which 
can generate high-velocity gradients and hydro-
dynamic shear stresses (Mitragotri et  al. 1996). 
Microstreaming is the unidirectional flow of fluid 
along cell membranes in response to bubble 
dynamics in an acoustic field. The velocity of 
local fluid is determined by acoustic properties 
(acoustic attenuation, speed of sound) associated 
with properties of the fluid such as viscosity and 
density, as well as by the temporal average inten-
sity, frequency, transducer aperture, and pressure 
amplitude (Nightingale et al. 1999). The velocity 
of acoustic streaming decreases with increasing 
fluid viscosity and increases with increasing 
attenuation (Barnett et  al. 1994). Collis et  al. 
studied several patterns of microstreaming, 
showing that many microstreaming patterns are 
possible around a microbubble on a surface. Each 
microstreaming pattern also generated different 
shear stresses with distributions of compression 
and stretch in the vicinity of a bubble on a surface 
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(Collis et al. 2010). The states of uniform shear 
stress and two types of divergence are illustrated 
in Fig. 2.1.

Bubbles can also grow slowly due to asymmet-
ric gas flow during stable cavitation, and this 
interesting phenomenon is called rectified diffu-
sion. While a bubble is expanded in the ultrasound 
field, the surface area and the internal volume of 
the bubble increase, but thickness of bubble shell 
decreases. Due to the increased volume, the inter-
nal gas density will decrease so that the dissolved 
gas in surrounding liquid can flow into the bubble. 
The opposite directional gas flow can happen dur-
ing the period of compressional ultrasound field. 
However, the inflow and the outflow of gas are 
asymmetric since the surface area and the gas 
pressure gradient at each stage are different. In 
other words, the surface area of bubble and the 
gas pressure gradient are greatest at the peak of 
expansion, so that gas inflow will be maximum. 
But outflow will be much smaller due to the mini-
mized surface area and low gas pressure gradient 
due to thickened bubble shell. Harvey et al. sug-
gested rectified diffusion during the study of the 
formation of bubbles in animals, and Crum esti-
mated the minimally required external pressure to 
be 0.01 MPa in water (Harvey et al. 1944; Crum 
1984). Lavon et al. suggested that rectified diffu-
sion in intercellular lipid layers can be the main 
mechanism of sonophoresis (Lavon et al. 2007).

2.2.2.2	 �Inertial Cavitation
Inertial cavitation corresponds to the violent 
growth and collapse of bubbles that can occur 
within a period of a single cycle or a few cycles, 

depending on acoustic pressure as well as 
frequency and size distribution of bubbles associ-
ated with resonant frequency (Mitragotri et  al. 
1996; Suslick 1989; Colussi et al. 1998). Apfel 
and Holland derived a mechanical index (MI), 
which represents the likelihood that inertial cavi-
tation will occur for medical ultrasound imaging 
systems (Apfel et  al. 1991). The organizations 
such as the American Institute of Ultrasound in 
Medicine (AIUM), National Electrical 
Manufacturers Association (NEMA), and Food 
and Drug Administration (FDA) have adopted an 
MI, weighted for the frequency response, of 
I P fMI neg Mpa MHz= [ ] [ ]/ 0  (Pneg, maximum 
negative pressure, f0, frequency). The likelihood 
of inertial cavitation increases with decreasing 
frequency and lowering peak-negative pressure 
(Meltzer 1996). For inertial cavitation, lower fre-
quencies give bubbles more time to grow in the 
expansion cycle (the rapid expansion of gaseous 
bubbles) and consequently produce more violent 
collapse during the compression cycle (the col-
lapse of gaseous bubbles). Violent collapse of 
cavitation bubbles might either generate shock 
waves in the bulk of the liquid or a micro-jet 
which is from the asymmetric collapse of bubbles 
inducing fissures on membranes near a boundary. 
Figure 2.2 schematically shows the shock wave 
and micro-jet produced by inertial cavitation 
events. A spherical collapse of a bubble yields 
high-pressure cores that emit shock waves with 
amplitudes exceeding 10 kbar (Pecha and Gompf 
2000). The disruption of a target exposed to such 
a pressure wave may occur through relative par-
ticle displacement, compressive failure, tensile 

a b c

Z

X

Fig. 2.1  Illustration of the difference between uniform 
shear and surface divergence. (a) Uniform, high-shear 
stress, no divergence, and thus no stretch of the cell surface; 
(b) high rate of positive divergence (as well as shear stress), 

cell/cell membrane in stretch-activated state; (c) high rate 
of negative divergence (as well as shear stress), cell/cell 
membrane compressed together (This figure is reproduced 
with permission from Collis et al. 2010)
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stress, or shear strain (Lokhandwalla and 
Sturtevant 2000). When a bubble collapses asym-
metrically near a boundary, it generally produces 
a well-defined high-velocity micro-jet (Katz 
1995; Popinet and Zaleski 2002). Micro-jet dis-
tortion of bubble collapse depends on the surface 
of the bubble encounters. If the surface is larger 
than the resonant size of the bubble (diameter of 
1 ~ 100um at 20 ~ 500 kHz (Leighton 1997)), the 
resulting collapse will be in micro-jet form (see 
Fig. 2.2) (Tezel et al. 2003).

Shock waves generated by inertial cavitation 
can cause structural alteration in the surrounding 
corneocyte lipid interface regions. Because chan-
nels for diffusion could be newly formed between 
keratinocyte-lipid interfaces, drugs can be deliv-
ered through these aqueous channels which are 
formed within the disordered lipid bilayers of 
SC.  Furthermore, the impact pressure of the 
micro-jet on the skin surface may enhance SC 
permeability by disrupting SC lipid bilayers (Lee 
et al. 1998). A micro-jet possessing a radius about 
one-tenth of the maximum bubble diameter 
impacts the SC surface without penetrating into 
it. The impact pressure of the micro-jet on the 
skin surface may enhance SC permeability by 
disrupting SC lipid bilayers (Lee et  al. 1998). 
When combined, these factors such as shock 

waves and micro-jet lead to the disordering of the 
lipid bilayers and formation of aqueous channels 
in the skin through which drugs can permeate 
(Bommannan et al. 1992a).

2.3	 �Penetration Pathways 
Induced by Sonophoresis

Cavitation nuclei and air pockets can be formed 
in the intracellular and/or intercellular structures 
upon application of ultrasound. In addition, bub-
bles can be formed on the skin and in the cou-
pling medium on the skin surface. All of these 
bubbles can be a source of the local inertial and 
stable cavitation under an ultrasonic field.

2.3.1	 �Pathways Through Hair 
Follicles

In addition to the transcellular and intercellular 
pathways, hair follicle brought attention in TDD 
as a possible pathway. Although the area occu-
pied by hair follicles is only 0.1 % or less of the 
total skin surface, the hair follicles appear to play 
a critical role in passive drug diffusion 
(Scheuplein et  al. 1969; Scheuplein 1967). 

a b c

Fig. 2.2  Three possible modes through which inertial 
cavitation may enhance SC permeability: (a) spherical 
collapse near the SC surface emits shock waves, (b) 

impact of an acoustic micro-jet on the SC surface, and  
(c) micro-jet physically penetrates into the SC (The figure 
is reproduced with permission from Tezel et al. 2003)
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However, Sarheed and Frum reported that when 
the hydrocortisone was passively absorbed into 
the skin, 46 % of absorption involved the drug 
penetrating into the follicles; however, as the 
duration of sonication increased, the follicular 
contribution fell to zero even though total tran-
sepidermal flux dramatically increased (Sarheed 
and Frum 2012). Hence, hair follicles may not be 
the main pathway in sonophoresis.

2.3.2	 �Penetration Pathways 
Through the Stratum 
Corneum

If we rule out hair follicles as a penetration path-
way, there are two other possible pathways: the 
intercellular route and the transcellular route (see 
Fig. 2.3). Hydrophilic substances can easily dif-
fuse into the corneocytes and permeate the skin 

through the transcellular route; however, SC lipid 
bilayers act as the main barrier for the permeation 
of these substances (Mitragotri et  al. 1995b; 
Boucaud et  al. 2001; Smith 2007; Tezel et  al. 
2002b; Crum 1984; Tezel et al. 2003). Alvarez-
Román et al. have shown that sonophoresis leads 
to lipid extraction in the SC, i.e., they found that 
approximately 30 % of lipid can be removed dur-
ing sonophoresis (Alvarez-Román et  al. 2003). 
Under this assumption, a number of aqueous 
porous membrane models were suggested and 
modified to explain the intercellular pathway 
(Edwards and Langer 1994; Mitragotri 2001; 
Tezel et  al. 2003; Mitragotri and Kost 2004; 
Paliwal et al. 2006; Polat et al. 2011a, b). Based 
on these models, Tezel et al. (2003) implied that 
the increase of porosity of the SC, leading to an 
enhanced skin permeability, is also responsible 
for the penetration enhancement induced by 
sonophoresis. Lavon et  al. suggested that the 

Intercellular pathway

Transcellular pathway

Ordered lipid
bilayers

Disordered lipid
bilayers

Cavitation
bubble

Corneocytes

Corneocytes

a

b

Fig. 2.3  Schematic 
illustrating representation 
of the transport penetration 
pathways during  
(a) passive transport and 
(b) low-frequency 
sonophoresis (The figure  
is reproduced with 
permission from Mitragotri 
et al. 1996)
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growth of bubble due to rectified diffusion can be 
the reason of increased porosity (Lavon et  al. 
2007). Several researchers also paid attention to 
the heterogeneous nature of the skin where sono-
phoresis was applied uniformly (Kushner et  al. 
2008a; Polat et al. 2011a). The spots which are 
called localized transport regions (LTRs) can be 
observed on the completion of sonophoresis, and 
LTRs are believed to be the localized channel 
opening of a tortuous intercellular route.

In summary, some researchers claim that sta-
ble cavitation inside the epidermis may cause the 
growth of lacuna and create larger space to be 
transport channels (Paliwal et  al. 2006). Other 
researchers believe that multiple events of inertial 
cavitation on the surface of the skin and inside the 
epidermis lead to the formation of shock waves, 
which then microscopically disrupt the lipid 
bilayers and eventually create pathways through 
the tortuous intercellular lipid layers with causing 
significant structural changes in the epidermis.

2.3.3	 �Transcellular Pathways

Micro-jet can be formed on the epidermis sur-
face. Micro-jets can be strong enough to create 
pits on aluminum surface and biological tissue. 
Lee et al. have observed 1–2 μm size pits on the 
epidermis on the completion of sonophoresis 
lasting for 5 min (Lee et al. 2010). Based on the 
visualized evidence and the micro-jet idea, a 
direct channel formation through transcellular 
region can be hypothesized. Cavitation on the 
skin surface is critical in this hypothesis, and the 
other research results support that transient cavi-
tation outside the skin is the key mechanism 
responsible for LFS-induced skin permeabiliza-
tion (Tang et al. 2002; Wolloch and Kost 2010) 
and the observation of LTRs can be also coped 
with this hypothesis as well.

Based on the evidence, both intercellular path-
way and transcellular pathway appear to be plau-
sible, but the major transport pathway is through 
the intercellular lipid domains. Further research 
will be required to clarify the main penetration 
pathways during sonophoresis-induced TDD.

2.4	 �Synergistic Effect  
of Low-Frequency 
Sonophoresis and Other 
Enhancers for Transdermal 
Drug Delivery

Previous studies have demonstrated that 
sonophoresis may act synergistically with other 
penetration enhancement methods on transder-
mal drug delivery (Mitragotri and Kost 2004). 
Low-frequency sonophoresis acts synergistically 
with various chemical penetration enhancers. 
Mitragotri et al. (Mitragotri et al. 2000a) reported 
that sodium lauryl sulfate enhanced skin perme-
ability to mannitol synergistically in combination 
with ultrasound. Johnson et  al. (Johnson et  al. 
1996) reported that combined application of lin-
oleic acid and ethanol with ultrasound increased 
corticosteroid flux by up to 13,000-fold com-
pared with passive flux, which was higher than 
that induced by each treatment alone. The pro-
posed mechanism for these synergistic effects of 
ultrasound and chemical penetration enhancers 
on TDD is that the cavitation produced by ultra-
sound may induce mixing and dispersion of the 
chemical enhancer with SC lipids (Johnson et al. 
1996). In addition, ultrasound combined with 
iontophoresis has been shown to have synergistic 
effect on enhancing heparin flux though the skin 
(Le et al. 2000). The possible mechanism for the 
synergistic effect of ultrasound and iontophoresis 
for transdermal drug delivery includes the 
decrease of skin’s impedance and size selectivity 
of the skin due to ultrasound-induced structural 
changes in the skin (Le et al. 2000). Ultrasound 
has been demonstrated to have synergistic effect 
for transdermal drug delivery when combined 
with electroporation. Kost et  al. (1996) has 
reported that simultaneous application of ultra-
sound and electroporation enhanced transdermal 
delivery of two molecules, calcein and sulforho-
damine. The possible mechanism for this syner-
gistic effect of ultrasound and electroporation on 
transdermal drug delivery might be reduced skin 
impedance, enhanced convection, and reduced 
size selectivity of the skin (Le et al. 2000; Kost 
et al. 1996).
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2.5	 �Factors Affecting Drug 
Delivery by Low-Frequency 
Sonophoresis

As indicated in the section regarding to the mech-
anism, cavitation appears to be the main mecha-
nism in sonophoresis. Accordingly, the factors 
facilitating cavitation will be the key factors 
affecting drug delivery. The first factor is the ratio 
of frequency and peak rare-fractional pressure 
(also called peak-negative pressure) as explained 
in mechanical index (MI). Since low-frequency 
and high rare-fractional pressure increase MI, the 
inertial cavitation is more likely to occur at low-
frequency sonophoresis. When the frequency is 
low enough, the given acoustic field can be 
assumed to be a quasi-static field. If small bub-
bles can rapidly grow and collapse with exposure 
to quasi-static rare-fractional pressure, these bub-
ble activities can be related to inertia cavitation or 
asymmetric bubble collapse. Low-frequency 
sonophoresis has thus been the topic of extensive 
research over the last 20 years. The effects of 
low-frequency sonophoresis have been studied 
by Mitragotri et al. (Mitragotri et al. 1995a, 1996) 
to enhance the transport of various low-molecular 
weight drugs (including aldosterone, corticoste-
rone, estradiol, histamine, mannitol, salicylic 
acid, and sucrose) as well as high-molecular 
weight drugs (such as heparin and insulin). They 
also found that the enhancement ratio induced by 
low-frequency sonophoresis (20  kHz) is 1000-
fold higher than that induced by therapeutic 
sonophoresis (1–3 MHz). The results of several 
studies suggest that the greater efficiency of low-
frequency sonophoresis compared with high-fre-
quency sonophoresis originates from the 
increased incidence of cavitation events 
(Mitragotri et  al. 1996; Tezel et  al. 2001). The 
distance between the surface of transducer and 
the skin surface was also mentioned as a factor 
influencing the TDD by ultrasound in some arti-
cles (Terahara et  al. 2002). However, the peak-
negative pressure decreases as the distance 
increases, and hence the possibility of cavitation 
decreases accordingly. More importantly, the 
occurring level of cavitation could be the second 
factor influencing the efficacy of the TDD by 

ultrasound, since cavitation bubbles nucleating 
and collapsing on the SC surface are likely to 
make a significant contribution to permeabiliza-
tion of the SC due to their proximity (Tang et al. 
2002; Tezel et al. 2003). Tezel et al. (2003) sug-
gested that only cavitation which occurs within 
50  μm from the skin surface could effectively 
increase skin permeability. The third and the 
fourth factor affecting the efficacy of the TDD by 
ultrasound are the viscosity and the composition 
of the gas and liquid phases of drug where per-
meants are dissolved. In viscous medium, higher 
pressure is required to cause inertial cavitation 
since the viscous medium absolves mechanical 
energy by damping (Tang et  al. 2002; Popinet 
and Zaleski 2002). On the other hand, solute 
highly saturated with gas can experience cavita-
tion with small ultrasonic perturbation since 
small gas bubbles can act as cavitation nuclei 
(Ueda et al. 2009). In recent studies, Park et al. 
utilized even the ultrasound contrast agents, 
which are engineered microbubbles of a certain 
size distribution, to increase cavitation induction 
(Park et  al. 2010; Polat et  al. 2011b). Further 
studies will be needed to draw a definite conclu-
sion regarding this factor (Cagnie et  al. 2003; 
Sarheed and Abdul Rasool 2011; Herwadkar 
et al. 2012).

2.6	 �Therapeutic Application 
of Sonophoresis

Various applications of sonophoresis in TDD are 
summarized in Table 2.1.

Since the initial treatment of polyarthritis using 
transdermal delivery of hydrocortisone ointment 
in the 1950s, the transdermal delivery of thera-
peutic drugs such as fentanyl, caffeine, heparin, 
ketoprofen, and insulin has been a major concern 
for clinical treatment. Boucaud et al. evaluated the 
effects of sonophoresis at 20 kHz with 2.5 W/cm2 
on transdermal transport of fentanyl and caffeine 
across both hairless rat and human skin (Boucaud 
et al. 2001). Fentanyl is generally used to relieve 
pain for surgery or for cancer patients, while caf-
feine is the most common stimulant used in the 
treatment of lipodystrophy (Dias et al. 1999; Paix 
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et al. 1995). The results showed that sonophoresis 
enhanced the TDD of both fentanyl (about 35-fold 
greater than controls without sonophoresis) and 
caffeine (about fourfold greater than controls 
without sonophoresis) across human and hairless 
rat skin. In general, heparin, which is the most 
commonly used anticoagulant, is administered by 
intravenous or subcutaneous injections for the 
treatment of venous thromboembolism. Mitragotri 
et al. performed in vitro experiments with sono-
phoresis of 20 kHz with 7 W/cm2 (ISAPA) to deliver 
unfractionated heparin or low-molecular weight 
heparin (LMWH) across the skin (Mitragotri 
2001). Biologic activity of transdermally delivered 
heparin was measured using activated clotting 
time assays and an antifactor Xa (aXa) chromo-
genic substrate assay. Transdermally delivered 
LMWH resulted in sustained aXa levels in the 
blood. This result was in strong contrast to subcu-
taneous or intravenous injections of LMWH, 
which resulted in only temporary elevations of 
aXa level. Mitragotri et al. proposed that patients 
might use a product based on this technology 
throughout the day to provide sustained levels of 
heparin concentration in the blood. The dose of 
heparin may be controlled through skin permea-
bility, skin area, or LMWH concentration in the 
reservoir of the patch system used with sonopho-
resis. Ketoprofen is a nonsteroidal anti-
inflammatory drug predominantly used in the 
treatment of rheumatoid arthritis and osteoarthri-
tis (Cagnie et al. 2003). It is also used to relieve 
minor aches and menstrual pain (Maestrelli et al. 
2006). Herwadkar et al. tested the effect of sono-
phoresis at 20 kHz with 6.9 W/cm2 for delivery of 
ketoprofen into and across the skin (Herwadkar 
et al. 2012). In vitro experiments were performed 
on excised hairless rat skin over a period of 24 h 
using Franz diffusion cells. Sonophoresis signifi-
cantly enhanced the permeation of ketoprofen 
from 74.87 ± 5.27 μg/cm2 (for passive delivery) to 
491.37 ± 48.78  μg/cm2. Further, drug levels in 
skin layers increased from 34.69 ± 7.25 μg follow-
ing passive permeation to 212.62 ± 45.69 μg fol-
lowing sonophoresis. These results show that 
sonophoresis of 20  kHz is an effective active 
enhancement technique enhancing transdermal 
and topical delivery of ketoprofen.

Among the therapeutic drugs used in TDD, 
noninvasive transdermal delivery of insulin has 
received great attention due to the increasing 
incidence of diabetes, which is one of the most 
costly diseases that occur in all populations and 
age groups (Olefsky 2001). Management of dia-
betes often requires painful repetitive insulin sub-
cutaneous injections up to three or four times 
each day (Park et al. 2007). Noninvasive insulin 
delivery through the skin would be therefore 
advantageous. Numerous studies of insulin deliv-
ery through the skin have been performed by 
many researchers (Tachibana 1992; Mitragotri 
et al. 1995b; Park et al. 2007; Smith et al. 2003; 
Lee et al. 2005; Al-Bataineh et al. 2012). The fea-
sibility of using sonophoresis in insulin delivery 
in vitro across human skin has been evaluated by 
Smith et al. (Smith et al. 2003). They carried out 
experiments with two types of lightweight cym-
bal transducer arrays, i.e., a stack array with an 
intensity (ISPTP) of 15.4 ± 0.6 mW/cm2 and a stan-
dard array with an intensity (ISPTP) of 
173.7 ± 1.2  mW/cm2 at 20  kHz, to improve the 
transport of insulin. Compared with passive 
transport method (in passive transmission, the 
skin surface was placed facing toward the com-
partment which was filled with a 50 U/mL insulin 
diluted with saline without ultrasound exposure 
over an exposure period of 1 h) (4.1 ± 0.5U), the 
stack and standard ultrasound array facilitated a 
greater than fourfold (20.3 ± 9.3U) and sevenfold 
(45.9 ± 12.9U) increase, respectively, in the non-
invasive transdermal transport of Humulin® R 
insulin (Eli Lilly and Co., Indianapolis, IN). 
Compared to the control without sonophoresis, 
the standard array provided a fourfold increase in 
the sonophoresis-facilitated transdermal delivery 
of insulin. Regarding combined use of sonopho-
resis and iontophoresis, ultrasound reduces the 
duration and intensity of iontophoresis required 
to anesthetize the skin when using lidocaine 
hydrochloride. Ultrasound treatment of the skin 
followed by iontophoresis was more effective 
than only iontophoresis with regard to intensity 
of pain relief. Injection of a lidocaine hydrochlo-
ride can cause pain and tissue damage. Also its 
application in children is not recommended.  
The enhancement of transdermal permeation of 

2  The Mechanism of Sonophoresis and the Penetration Pathways
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lidocaine hydrochloride using ultrasound and 
iontophoresis is effective and safe in surface 
anesthesia.

2.6.1	 �Noninvasive Transdermal 
Monitoring

Another interesting application of sonophoresis in 
clinic is for noninvasive transdermal monitoring. 
Sonophoresis can enhance the skin permeability 
so that sufficient quantities of analyte, such as 
glucose, can be obtained for detection (Oliver 
et al. 2008; Ferrante doAmaral and Wolf 2008). 
Because traditional glucose meters for measure-
ment of glucose level require frequent painful fin-
ger punctures to obtain samples several times a 
day, the development of rapid, convenient, nonin-
vasive, painless methods for measuring glucose 
level was required. Indeed, Mitragotri et  al. 
reported a potential method for noninvasive diag-
nostics based on ultrasonic skin permeabilization 
and subsequent extraction of interstitial fluid 
(ISF) across the skin, in which serum and ISF 
concentrations of various analytes can be mea-
sured (Mitragotri et al. 2000b). Glucose concen-
tration in the extracted fluid correlated well with 
blood concentration of glucose over a rage of 
50–250  mg/dl. The results demonstrated that 
sonophoresis can enhance skin permeability to 
obtain sufficient quantities of the analyte for the 
detection of the concentration of target molecules 
by application of vacuum for a short period.

2.6.2	 �Sonophoresis 
in Transcutaneous 
Immunization and Gene 
Therapy

Currently, the delivery of vaccines mostly relays 
on the needle-based methods. The biggest con-
cern in needle vaccination is the potential reuse 
of needles and syringes causing a large number 
of HIV and hepatitis B virus cases (Kane et al. 
1999), as well as the pain associated with the use 
of syringes. As an alternative, sonophoresis was 
proposed and has been researched recently. Tezel 

et al. used low-frequency sonophoresis at 20 kHz 
as a pretreatment prior to the application of teta-
nus toxin (TT) with sodium lauryl sulfate (SLS) 
added phosphate-buffered saline (Tezel et  al. 
2005). Approximately 10 μg of TT was perme-
ated through the epidermis and induced the acti-
vation of Langerhans cells (LCs), which are 
highly potent immune cells replete within the 
epidermis (Babiuk et  al. 2000). More recently, 
Dahlan et al. have reported a successful immuni-
zation by sonophoresis even without the aid of a 
chemical penetration enhancer (Dahlan et  al. 
2009b).

Another possible application for sonophoresis 
is in topical gene therapy. Gene therapy is a ther-
apeutic method for correcting defective genes 
that are responsible for a certain disease, by 
replacing an abnormal disease-causing gene with 
a normal gene. For the purpose of targeting and 
protecting the genes, carrier molecules are used, 
and they are called vectors. Accordingly, gene 
vectors are relatively large-sized macromole-
cules, and hence topical delivery becomes diffi-
cult. Tezel et  al. have shown the possibility of 
deoxyribonucleic acid (DNA) delivery through 
porcine skin in  vitro (Tezel et  al. 2004). 
Ultrasound sonication of 2.4  W/cm2 at 20  kHz 
frequency for 10  min induced 4.5 × 10−5 cm/h 
permeability compared to nearly undetectable 
values when using nontreated skin. However, 
topical delivery of gene using sonophoresis is 
still in its early stage for giving conclusions, and 
hence further studies are required.

2.6.3	 �Safety Issues and Commercial 
Devices

Ultrasound is generally accepted as a safe clini-
cal method in both diagnostics and therapeutics 
as far as the system output is within IEC 60601 
standard limit (IEC Standard 2009). Results from 
researches related to the bioeffect of sonophore-
sis to tissue also indicate similar results. Early 
reports of Singer et al. warned the possibility of 
skin burns at high intensity; however, IEC stan-
dard for safety regarding the intensity of thera-
peutic sonophoresis seems to be too high (Singer 
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et al. 1998). In a more recent study investigating 
the bioeffect of sonophoresis, Marunai et  al. 
applied ultrasound in the range from 1.57 to 
3.5 W/cm2 intensity, at 35 kHz on the human skin 
(Maruani et  al. 2012). The results showed that 
minor erythema could be occasionally observed, 
which disappeared within 24  h. Accordingly, 
sonophoresis is approved for human use by US 
Food and Drug Administration (FDA) SonoPrep® 
(Echo Therapeutics, Franklin, MA, USA) and is 
currently approved by US FDA as a sonophoresis 
specialized device for TDD (Polat et al. 2011b). 
However, the marketing of this device seems to 
be discontinued due to unknown reasons (Kalluri 
and Banga 2011).

�Conclusion

In conclusion, sonophoresis, especially low-
frequency (20–100 kHz) ultrasound, has been 
used in a wide range of therapeutic and indus-
trial applications. Sonophoresis represents a 
safe and effective method for TDD; however, 
there exists gaps between the medical and 
industrial standards for ultrasound exposure. 
Therefore, optimized studies would be needed 
in the future to determine the safety standards 
for ultrasound exposure to tissues for various 
purposes.
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Therapeutic Applications 
of Sonophoresis and Sonophoretic 
Devices

José Juan Escobar-Chávez, Roberto Díaz-Torres, 
Clara Luisa Domínguez-Delgado, 
Isabel Marlen Rodríguez-Cruz,  
Raquel López-Arellano, 
and Elvia Adriana Morales Hipólito

3.1	 �Introduction

Therapeutic applications of ultrasound (ULS) 
predate its use as an imaging technique. It was 
recognized in 1927 that ULS could produce last-
ing changes in biological systems, and this was 
the start of both safety studies and of ULS ther-
apy (Wood and Loomis 1927).

Absorption of ultrasonic energy leads to tissue 
heating, and this has been used with therapeutic 
intent in many conditions. More recently, it has 
been realized that benefit may also be obtained 
from the nonthermal effects that occur as ULS 
travels through tissue.
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ULS therapies can broadly be divided into 
low-power and high-power therapies where high-
power applications include high-intensity 
focused ULS and lithotripsy, and low power 
encompasses sonophoresis, sonoporation, gene 
therapy, and bone healing. Apart from physio-
therapy uses, ULS therapies are currently not 
widespread.

ULS has been used in the medical field for 
several decades. There are three distinct sets of 
ULS conditions (Table 3.1).

We can observe the principal medical applica-
tions of ULS in Table 3.2.

ULS was initially investigated for treating 
localized skin conditions (Benwell and Bly 1987; 
Skauen and Zentner 1984) and joint inflamma-
tion (McElnay et al. 1985). More recently, there 
has been considerable interest in developing ULS 
as a technique to enhance the transdermal deliv-
ery of drugs (Mitragotri et al. 1996) and for gene 
therapy (Kost et al. 2000).

A number of outstanding reviews that have 
been published in recent years contain compre-
hensive discussions about many aspects of sono-
phoresis (Amit and Jaideep 2002; Kushner et al. 
2008; Ter Haar 2007; Lavon and Kost 2004; 
Machet and Boucaud 2002; Merino et al. 2003; 
Escobar-Chávez et  al. 2009a, b, c; Sarah et  al. 
2011; Modi et  al. 2012; Ita 2015). The present 
chapter shows an updated outline of the therapeu-

tic applications of sonophoresis in the pharma-
ceutical field and sonophoretic devices offered in 
the pharmaceutical market. This focus is justified 
due to the amount of the experimental data and 
information existing with the use of this 
technique.

3.2	 �Ultrasound

Sound is a form of mechanical force that is 
propagated from one point to another by the 
interaction between neighboring oscillating 
particles (Zagzebski 1996). The direction of 
propagation is parallel to the direction of oscilla-
tion, and hence sound is defined as a longitudinal 
wave (see Fig. 3.1).

An ULS wave is a longitudinal compression 
wave with frequency above that of the audible 
range of human hearing (Polat et  al. 2011a). 
Because its propagation depends entirely on the 
creation of alternating regions of molecular 
compression and rarefaction, sound cannot 
exist in a vacuum. Acoustic waves with fre-
quencies between 20  Hz and ~20 KHz fall in 
the audible range. The term ultrasonic refers to 
sound waves whose frequency is >20 KHz. The 
intensity (I, expressed in W/cm2), or concentra-
tion of power within a specific area in an ULS 
beam, is proportional to the square of the ampli-
tude, which is the maximum increase or 
decrease in the pressure relative to ambient 
conditions in the absence of the sound wave. 
The intensity is progressively lost when a sound 
wave passes through the body, a phenomenon 
referred to as attenuation. In homogeneous tis-
sue, the attenuation occurs as a result of absorp-
tion, in which case the sound energy is 
transformed into heat and scattered (Escobar-
Chávez et al. 2009a, b, c; Weyman 1991). The 
source of sound waves in a biomedical ULS 
device is a piezoelectric crystal transducer. The 
crystal material may be quartz or another poly-
crystalline material, such as lead zirconate tita-
nate or barium titanate (Escobar-Chávez et al. 
2009a, b, c; Weyman 1991). The sound waves 
are produced in response to an electrical 
impulse in the piezoelectric crystal, allowing 

Table 3.1  Set of ULS conditions based on frequency 
range

ULS types Range of frequencies

Low-frequency ULS 20–100 KHz

Medium-frequency ULS 0.7 ≥ 3.0 MHz

High-frequency ULS 3.0 ≥ 10.0 MHz

Table 3.2  Important applications of sonophoresis

Significant applications of ULS

(i) As a diagnostic tool

(ii) For physical therapy

(iii) In sport medicine

(iv) �For drug delivery (transdermal, ocular, and 
ungual)

(v) In surgery

(vi) In gene therapy

J.J. Escobar-Chávez et al.
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the conversion of electrical into mechanical or 
vibrational force; this conversion requires a 
molecular medium (solid, liquid, or gas) to be 
successful (Fig.  3.2). Following the external 
perturbation, groups of molecules oscillate in 
phase and transmit their kinetic energy to 
nearby molecules (Benwell and Bly 1987). The 
ULS beam is composed of two fields, the near 

field, in the region closest to the transducer 
face, and the far field. The parameters control-
ling this configuration of the ULS beam are 
principally the frequency and the dimension of 
transducer (Escobar-Chávez et al. 2009a, b, c; 
Weyman 1991). Additional experimental vari-
ables (Polat et al. 2011a, b) that are significant 
in sonophoresis are exposed in Table 3.3.

Rarefaction compression

Pressure
maximum

Pressure
minimum

zero

1 cycle Wavelength

Amplitude

Propagation

Fig. 3.1  Representation of sound wave propagation

Ordered
lipid bilayers

Disordered
lipid bilayersApplied

formulation

Ultrasonic
transducer

Power
supply

Fig. 3.2  Disruption of SC by ULS to increase skin permeability
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Normally used ULS duty cycles are 10 %, 
50 %, or continuous appliance (Mitagroti et  al. 
1995, 1996, 2000; Boucaud et al. 2001a, b, 2010; 
Tang et  al. 2001; Álvarez-Román et  al. 2003; 
Kushner et al. 2007; Polat et al. 2011; Lee et al. 
2010; Smith et al. 2003a) ULS pulsing is common 
because it decreases thermal effects related with 
ULS by allowing time for heat to diffuse from the 
coupling medium for the time of treatment. Many 
horn-to-skin distances have been used in sonopho-
resis research, ranging from placing the ULS horn 
in contact with the skin to as far as 4 cm from the 
skin surface (Lee et al. 2010; Terahara et al. 2002). 
Treatment time can also vary greatly, from a not 
many seconds (Katz et  al. 2004; Becker et  al. 
2005; Brown et al. 2006; Spierings et al. 2008) to 
a little minutes (Seto et al. 2010) or even to cases 
where a steady state is attained, which can take 
many hours to days (Tang et al. 2002a, b). Finally, 
formulation of the coupling medium is also a very 
important variable in transdermal sonophoresis. 
The viscosity, density, surface tension, acoustic 
impedance, and other bulk and interfacial proper-
ties of the coupling medium can all play a signifi-
cant role in determining the extend of skin 
permeability enhancement observed as a result of 
the ULS treatment. Furthermore, the coupling 
medium can contain the active drug or can include 
a chemical enhancer (Escobar-Chávez et al. 2010).

3.3	 �Advantages and Drawbacks 
of Sonophoresis

Sonophoresis is capable of expanding therapeutic 
applications, and a variety of compounds can be 
delivered by topical and transdermal routes and 
by other nonconventional routes (like ocular and 
nail drug delivery). The advantages and disad-
vantages of sonophoresis (Kassan et  al. 1996) 
can be summarized as follows in Table 3.4.

3.4	 �Therapeutic Applications 
of ULS

3.4.1	 �Drug Release

3.4.1.1	 �Topical/Transdermal Drug 
Release

Transdermal drug delivery has several potential 
advantages over other parenteral delivery meth-
ods. Apart from the convenience and noninva-
siveness, the skin also provides a “reservoir” that 

Table 3.4  Advantages and drawbacks of sonophoresis

Advantages Disadvantages

Improved drug 
penetration over passive 
transport

Can be prolonged to 
administer

Allows strict control of 
transdermal diffusion 
rates

Minor tingling, irritation, 
and burning (Maloney 
et al. 1992)
SC must be unbroken for 
effective drug penetration 
(Escobar-Chávez et al. 
2009a, b, c; Escobar-
Chávez et al. 2010)

Permits fast termination 
of drug delivery 
throughout the 
termination of ULS 
(Escobar-Chávez et al. 
2009a, b, c)

The skin remains in one 
piece

A reduced amount of 
anxiety provoking or 
painful than injection

In many cases, greater 
patient approval 
(Escobar-Chávez et al. 
2010)

Not immunologically 
sensitizing

Less risk of systemic 
absorption (Escobar-
Chávez et al. 2010)

Functional for gene 
therapy (Escobar-Chávez 
et al. 2009a, b, c)

It has been used in 
physiotherapy for 
rehabilitation (Escobar-
Chávez et al. 2010)

Helpful to break up blood 
clots

Table 3.3  The most important experimental variables in 
sonophoretic investigations

Important experimental variables in sonophoresis

(i) ULS duty cycle

(ii) Distance between ULS horn and the skin

(iii) Treatment time

(iv) Composition of the ULS coupling medium

J.J. Escobar-Chávez et al.
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sustains delivery over a period of days. However, 
at present, the clinical use of transdermal delivery 
is limited by the fact that very few drugs can be 
delivered by transdermal route at a viable rate. 
This difficulty is because the skin forms an effi-
cient barrier for most molecules, and few nonin-
vasive methods are known to significantly 
enhance the penetration of this barrier.

In order to increase the range of drugs avail-
able for transdermal delivery, the use of ULS 
has emerged as an interesting and valuable 
alternative for delivering lipophilic and hydro-
philic drugs throughout the SC with the possi-
bility of having a local or systemic effect for 
treatment of many diverse diseases (Wells 
1997; McElnay et  al. 1985; Novak 1964; 
Griffin and Touchstone 1972; Tachibana and 
Tachibana 1993; Williams 1990; Kim et  al. 
2007; Hehn and Moll 1996; Meshali et  al. 
2008; Miyazaki et al. 1992; Tiwari et al. 2004; 
Yang et  al. 2004; Serikov 2007; Cabak et  al. 
2005; Herwadkar et  al. 2012; Rosim et  al. 
2005; Hippius et  al. 1998; Rornanenko and 
Araviiskii 1991; Ragelis 1981; Liu et al. 2006; 
Santoianni et al. 2004; Aoi et al. 2007; Meidan 
et al. 1999; Luis et al. 2007; Lee et al. 2004a, 
b; Smith et al. 2003a, b; Saliba et al. 2007; Byl 
et  al. 1993; Akinbo et  al. 2007; Yang et  al. 
2006; Machet et al. 1996; McElnay et al. 1993; 
El-Kamel et  al. 2008; Park et  al. 2005; 
Morimoto et  al. 2005; Tezel et  al. 2004; 
Boucaud et  al. 2001a, b; Sarheed and Abdul 
Rasool 2011; Menon et al. 1994; Ng and Wong 
2008; Andrade et  al. 2011; Ebrahimi et  al. 
2012; Abreu et  al. 2013; Cage et  al. 2013; 
Shetty et  al. 2013; Feiszthuber et  al. 2015; 
Huang et  al. 2015; Ita and Popova 2015; Yu 
et al. 2015; Park et al. 2016), ungual/transun-
gual (Rao and Nanda 2009; Zderic et al. 2004a, 
b), and ocular routes (Abadi and Zderic 2011). 
This is emphasized in Tables  3.5 and 3.6, 
which summarize the research on sonophoresis 
uses and many experimental conditions used in 
the topical/transdermal drug administration 
(Kushner et  al. 2004; Álvarez-Román et  al. 
2003; Cancel et al. 2004; Paliwal et al. 2006; 
Walker 1983; Larkin et  al. 2008; Khaibullina 
et  al. 2008; Levenets et  al. 1989; Matinian 
et al. 1990).

3.4.1.2	 �Ocular Drug Delivery
ULS gives us the opportunity to provide an effi-
cient and minimally invasive method for drug 
delivery into the eye (Rao and Nanda 2009).

Zderic et  al. (2004a) demonstrated that ULS 
enhanced, by up to ten times, the corneal perme-
ability to different compounds such as beta-
blockers and fluorescein. Enhancement of sodium 
fluorescein, in rabbit cornea in vitro, was achieved 
using ULS at a frequency of 880 kHz and intensi-
ties of 0.19–0.56 W/cm2 with exposure duration 
of 5  min. ULS enhancement of drug delivery 
through the cornea appears to result from minor 
structural alterations in the epithelium. In another 
study Zderic et al. (2004b) investigated the appli-
cation of 1-s bursts of 20-kHz ULS at spatial 
average pulse-average intensity of 14 W/cm2, for 
enhancement of corneal permeability to atenolol, 
carteolol, timolol, and betaxolol for glaucoma 
treatment. In all the cases, the permeability of 
rabbit cornea increased by different magnitudes 
(2.6 times for atenolol, 2.8 for carteolol, 1.9 for 
timolol, and 4.4 times for betaxolol, all P < 0.05) 
after 60-min ULS exposure in vitro.

3.4.1.3	 �Nail Delivery
Topical therapy of nail diseases is limited by the 
low permeability of drugs through the nail plate. 
At present, Abadi and Zderic (2011) designed a 
novel ULS-mediated drug delivery system device 
for treatment of onychomycosis by improving 
nail permeability. In in vitro testing, canine nails 
were exposed to three energy levels (acoustic 
power of 1.2 W and exposure durations of 30, 60, 
and 120 s). Each of the three energy levels tested 
showed statistical significance when compared to 
the control (P < 0.05) with a permeability factor 
of 1.3 after 30 s of exposure, 1.3 after 60 s, and 
1.5 after 120  s. These results make this ULS-
mediated device a promising alternative.

3.4.2	 �Gene Delivery

Gene therapy is a therapeutic procedure, in which 
a functional gene is inserted into patient’s cells to 
correct a genetic imperfection or to provide the 
cells a new function (Fig.  3.3) (Newman et  al. 
2003). Gene delivery methods are applied in vivo; 
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Table 3.5  Studies on the use of sonophoresis to administer diverse drugs

Topical/transdermal drug release

Investigations Results Researcher(s)

Anesthetics

Lidocaine skin penetration Increased subdermal concentration of 
lidocaine transmitted into a rabbit 
when topical application was followed 
by ULS

Wells (1997)

Double-blind trial in healthy 
volunteers for lidocaine cream

No increase in absorption of lidocaine 
cream by using ULS

McElnay et al. (1985)

Trial in healthy volunteers for 
lidocaine oil

Variation in concentrations of 
lidocaine induces differences in ULS 
frequencies by the use of ULS

Novak (1964)

Lidocaine skin permeation 250 kHz induced the highest 
penetration of lidocaine

Griffin and Touchstone (1972)

Anesthetic effect of lidocaine in the 
legs in hairless mice

ULS in conjunction with a topical 
aqueous lidocaine solution was 
rapidly effective in inducing an 
anesthetic effect in the legs in hairless 
mice

Tachibana and Tachibana (1993)

Evaluation of pulsed and continuous 
modes of therapeutic ULS by 
investigating the result of lidocaine 
sonophoresis on sensory obstruction

Pulsed ULS with topical lidocaine gel 
induced superior anesthetic effect 
compared with continuous ULS with 
topical lidocaine gel and lidocaine 
application alone. The mechanical 
properties of pulsed ULS appear to be 
responsible for superior drug diffusion

Ebrahimi et al. (2012)

Topical sonophoresis of benzocaine 
and dibucaine

No detectable increase in the rate of 
anesthetic penetration

Williams (1990)

Transdermal administration of 
lidocaine hydrochloride in healthy 
volunteers applying 0.5-MHz ULS

It was found that deep permeation of 
lidocaine improved the anesthetic 
effect by applying 0.5 MHz ULS

Kim et al. (2007)

Procaine hydrochloride penetration 
through cell monolayers applying 
therapeutic ULS

Extent and velocity of the permeation 
of procaine hydrochloride through 
cultured Madin-Darby Canine Kidney 
(MDCK) epithelial cell monolayer 
can be controlled by sonophoresis

Hehn and Moll (1996)

Analgesic and anti-inflammatory drugs

Transport of three nonsteroidal 
anti-inflammatory drugs (NSAIDs) 
across the cellulose membrane and 
hairless rabbit skin

Demonstrated the synergistic effect of 
temperature and ULS operation 
parameters on drug transport of 
NSAIDs

Meshali et al. (2008)

Effect of ULS on transdermal 
absorption of indomethacin from an 
ointment in rats

Intensity and duration of application 
play an important role in transdermal 
sonophoretic delivery; the intensity of 
0.75 W/cm2 for 10 min was the most 
effective for delivering indomethacin

Miyazaki et al. (1992)

Study of the influence of ULS on 
percutaneous absorption of ketorolac 
tromethamine in vitro across hairless 
rat skin

A significant increase in permeation 
of ketorolac through the rat skin was 
observed with the applied sonication 
at 3 W/cm2 when compared with 
permeation at 1 and 2 W/cm2

Tiwari et al. (2004)

To determine if a ketorolac 
tromethamine (KT) gel solution could 
be administered in vivo via 
phonophoretic transdermal delivery 
using pulsed ULS

The transdermal application of KT gel 
using sonophoresis had significant 
anti-hyperalgesic and anti-
inflammatory effects

Yang et al. (2008)

J.J. Escobar-Chávez et al.
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(continued)

Table 3.5  (continued)

Topical/transdermal drug release

Investigations Results Researcher(s)

Application of ultraphonophoresis  
of 5 % ibuprofen gel to affected joints 
of 20 patients

Analgesic efficacy of transcutaneous 
5 % gel nurofen in osteoarthrosis

Serikov (2007)

Examination of therapeutic effects of 
sonophoresis with ketoprofen in gel 
form in patients with enthesopathy of 
the elbow

Positive effects of sonophoresis using 
a pharmacologically active gel with 
ketoprofen were shown to be highly 
significant in both objective and 
subjective assessments

Cabak et al. (2005)

To deliver ketoprofen into and across 
the skin by testing low-frequency 
sonophoresis at 20 kHz

Low-frequency sonophoresis with 
optimized ULS parameters can be 
effectively used to actively enhance 
transdermal and topical delivery of 
ketoprofen

Herwadkar et al. (2012)

Quantitative study of diclofenac 
sodium (Voltaren Emulgel, Novartis) 
in phonophoresis in humans

Previously applied therapeutic ULS 
irradiation enhances the percutaneous 
penetration of the topical diclofenac 
gel, although the mechanism remains 
unclear

Rosim et al. (2005)

Development of a novel transdermal 
drug delivery system comprising a 
polyamidoamine dendrimer together 
with sonophoresis to improve the 
penetration of diclofenac (DF) 
throughout the skin

DF gel without dendrimer and ULS 
treatment to skin (passive delivery) 
showed 56.69 μg/cm2 cumulative drug 
permeated through the skin, while the 
DF-dendrimer gel without 
sonophoresis treatment showed 
257.3 μg/cm2 cumulative drug 
permeated through the skin after 24 h. 
However, when the same gel was 
applied to sonophoresis-treated skin, 
great permeation enhancement was 
observed (935.21 μg/cm2)

Huang et al. (2015)

Investigation of in vitro penetration 
and the in vivo transport of flufenamic 
acid in dependence of ULS

The highest penetration was observed 
at an intensity of 1.0 W/cm2 after 
30 min. These results were not 
significantly different from 
concentration measurements after 
30 min and 0.5 and 1.5 W/cm2. It seems 
that the rise of drug concentration is 
caused by effects of temperature and by 
variation of membrane delivery in 
dependence of temperature

Hippius et al. (1998)

Effects on muscle injury by using 
sonophoresis of a Lychnophora 
pinaster gels

Topical application of triterpenes, 
steroids, and flavonoids of a water and 
hexane extract of Lychnophora pinaster 
significantly decreases the inflammatory 
process generated by muscle injury. 
Transdermal sonophoresis in rat paws 
of gel with lupeol and quercetin 
attenuates the inflammation

Abreu et al. (2013)

To establish the relative acoustic 
transmission allowable by various 
preparations (creams and gels with 
Arnica montana, menthol, methyl 
salicylate, capsaicin) at 1 MHz- and 
3-MHz ULS frequencies

Topical agents suspended in aqueous 
gels are generally more effective in 
transmitting US energy, while many 
cream-based agents are less effective, 
particularly at 1-MHz frequency

Cage et al. (2013)
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Table 3.5  (continued)

Topical/transdermal drug release

Investigations Results Researcher(s)

Drugs for dementia

Enhancement effect of low-frequency 
sonophoresis on transdermal 
penetration of rivastigmine in vitro 
and in vivo

The in vitro permeation study showed 
that sonophoresis augmented 
steady-state transdermal flux 
0.31 ± 0.03 μg/cm2 h and the extent of 
rivastigmine permeation 
6.00 ± 0.56 μg/cm2 h though excised 
skin. In the in vivo experiment, the C 
(max) 0.83 ± 0.16 μg/mL and AUC 
(0– > 24 h) 12.35 ± 1.99 μg/h.mL of 
the sonophoresis group was also 
significantly higher than that of the 
control group

Yu et al. (2015)

Antibiotics

Effect of ULS on the delivery of 
topically applied amphotericin B 
ointment in guinea pigs

Amphotericin B content in the skin 
and subcutaneous fatty tissues was 
much higher when the drug was 
delivered in the presence of ULS

Rornanenko and Araviiskii 
(1991)

Administration of tetracycline in 
healthy rabbits using electrophoresis 
and sonophoresis

It was found that the tissue levels of 
tetracycline administered with the 
modified methods of electro- and 
sonophoresis increased with an 
increase in the current density or ULS 
intensity

Ragelis (1981)

Antihypertensives

Effect of ultrasound and chemical 
penetration enhancers on 
transcutaneous flux of penbutolol 
sulfate across split-thickness porcine 
skin

Low-frequency sonophoresis at a 
frequency of 20 kHz increased 
transcutaneous flux of penbutolol 
sulfate by 3.5-fold (27.37 ± μg/cm2h) 
compared to passive delivery 
(7.82 ± 1.72 μg/cm2 h). The results 
demonstrate that although there were 
small increases in flux values, ULS, 
ethanol, and limonene did not 
significantly improve the transdermal 
release of penbutolol sulfate

Ita and Popova; (2015)

The effects of permeation enhancers 
and sonophoresis on the transdermal 
permeation of lercanidipine 
hydrochloride (LRDP) across mouse 
skin

Sonophoresis considerably increased 
the cumulative amount of LRDP 
permeating through the skin in 
comparison to passive diffusion. A 
synergistic effect was noted when 
sonophoresis was applied in the 
presence of permeation enhancers. 
The results suggest that the 
formulation of LRDP with an 
appropriate penetration enhancer may 
be useful in the development of a 
therapeutic system to transport LRDP 
across the skin for a prolonged period

Shetty et al. (2013)

J.J. Escobar-Chávez et al.
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(continued)

Table 3.5  (continued)

Topical/transdermal drug release

Investigations Results Researcher(s)

Drugs for actinic keratosis

To investigate the effects of fractional 
radiofrequency (RF) combined with 
sonophoresis on 5-aminolevulinic acid 
(ALA) penetration of the skin of male 
domestic swine

Fluorescence intensity increased after 
fractional radiofrequency (RF) and 
increased additionally with the 
addition of sonophoresis. Fractional 
RF with sonophoresis efficiently 
enhanced ALA skin penetration. 
Pre-fractional RF followed by 
posttreatment with sonophoresis can 
be used for ALA-photodynamic 
therapy to achieve higher ALA uptake

Park et al. (2016)

Drugs for treatment of hyperhidrosis

Treatment of hyperhidrosis by using 
phonophoresis or iontophoresis of 
onabotulinumtoxinA

Improvement in sweating was seen 
following ten daily sessions of 
phonophoresis or iontophoresis. No 
adverse effects were reported. The 
clinical results achieved with 
treatment were maintained over 16 
weeks of follow-up after the end of 
treatment. Percutaneous drug delivery 
techniques should be perceived as an 
option for the treatment of 
dermatologic conditions

Andrade et al. (2011)

Immunosuppressives

Investigated the topical transport of 
cyclosporin A using low-frequency 
ULS throughout rat skin

The enhanced skin accumulation of 
cyclosporin A by the combination of 
low-frequency ULS and chemical 
enhancers could help significantly to 
optimize the targeting of the drug 
without a concomitant increase of the 
systemic side effects

Liu et al. (2006)

Evaluation of the efficacy of low-
frequency sonophoresis (LFS) for 
treatment of alopecia areata, melasma, 
and solar lentigo

The study showed that LFS enhanced 
penetration of topic agents obtaining 
effects at the level of the epidermis, 
dermis, and appendages, giving better 
results in the treatment of some 
cosmetic skin disorders

Santoianni et al. (2004)

Anticancer drugs

Application of a method using ULS 
and nano-/microbubbles to cancer 
gene therapy using prodrug activation 
therapy

Dramatic reductions of the tumor size 
by a factor of four

Aoi et al. (2007)

Investigation of competitive transport 
across the skin of 5-fluorouracil into 
coupling gel under the influence of 
ULS and heat-alone and Azone® 
enhancement

Ultrasonication produced a decrease 
in percutaneous drug penetration. This 
effect was due to the diffusive loss of 
the hydrophilic substance 
5-fluorouracil from the skin surface

Meidan et al. (1999)
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Table 3.5  (continued)

Topical/transdermal drug release

Investigations Results Researcher(s)

Insulin

To investigate the role of cavitation in 
transdermal insulin delivery

Results show that in agar gel, both 
insulin penetration depth and 
concentration only increased 
considerably in the presence of 
inertial cavitation, with up to a 40 % 
enhancement. In porcine skin the 
amount of fluorescent insulin was 
higher in the epidermis of those 
samples that were exposed to ULS 
compared to the control samples, but 
there was no significant increase in 
penetration distance

Feiszthuber et al. (2015)

To determine if the 3 × 1 rectangular 
cymbal array performs significantly 
better than the 3 × 3 circular array for 
glucose reduction in hyperglycemic 
rabbits

Using the rectangular cymbal array, 
the glucose decreased faster to a level 
of −200.8 ± 5.9 mg/dL after 90 min

Luis et al. (2007)

To demonstrate ultrasonic transdermal 
delivery of insulin in vivo using 
rabbits

For the ULS-insulin group, the 
glucose level was found to decrease to 
−132.6 ± 35.7 mg/dL from the initial 
baseline in 60 min

Lee et al. (2004a, b)

To demonstrate the feasibility of 
ULS-mediated transdermal delivery of 
insulin in vivo using rats with a novel, 
low profile two-by-two ULS array 
based on the “cymbal” transducer

For the 60-min ULS exposure group, 
the glucose level was established to 
decrease from the baseline to 
−267.5 ± 61.9 mg/dL in 1 h. Moreover, 
to study the effects of ULS exposure 
time on insulin delivery, the 20-min 
group had essentially the same result 
as the 60-min exposure at a similar 
intensity

Smith et al. (2003a, b)

Corticosteroids

Determination of the effect of ULS on 
the transcutaneous absorption of 
dexamethasone

A sonophoretic effect occurred with 
dexamethasone when its application 
saturated the skin

Saliba et al. (2007)

To determine if ULS enhances the 
diffusion of transdermal applied 
corticosteroids

The effects of sonophoresed 
dexamethasone can be measured in 
terms of reduced collagen deposition 
as far down as the subcutaneous tissue 
but not in the submuscular or 
subtendinous tissue

Byl et al. (1993)

Comparison of effectiveness of 0.4 % 
dexamethasone sodium phosphate 
(DEX-P) sonophoresis (PH) with 
0.4 % DEX-P iontophoresis (ION) 
therapy in the management of patients 
with knee joint osteoarthritis

Significant improvement in total 
WOMAC scores was observed in 15 
(60 %) and 16 (64 %) patients in the 
PH and ION groups, respectively, 
indicating no significant difference in 
the improvement rate

Akinbo et al. (2007)

Designing a sonophoretic drug 
delivery system to enhance the 
triamcinolone acetonide (TA) 
permeability

The highest permeation of TA was 
observed under the ULS treatment 
conditions of low-frequency, 
high-intensity, and continuous mode

Yang et al. (2006)

J.J. Escobar-Chávez et al.



41

(continued)

Table 3.5  (continued)

Topical/transdermal drug release

Investigations Results Researcher(s)

Cardiotonics

The sonophoresis of digoxin in vitro 
through human and hairless mouse 
skin

There was no enhancement of digoxin 
absorption across human skin by ULS

Machet et al. (1996)

Vasodilators

Skin penetration enhancement effect 
of ULS on methyl nicotinate in ten 
healthy human volunteers

ULS treatment applied prior to methyl 
nicotinate led to enhanced 
percutaneous absorption of the drug

McElnay et al. (1993)

Hormones

Effect of permeation enhancers and 
application of low-frequency (LUS) 
and high-frequency (HUS) ULS on 
testosterone (TS) transdermal 
permeation after application of 
testosterone solid lipid microparticles 
(SLM)

Skin contact to HUS or LUS before 
appliance of 1 % dodecylamine for 
30 min had no superior improvement 
effect over appliance of either LUS or 
HUS alone. Application of drug-
loaded SLM presented skin defense 
against the irritation result produced 
by TS and 1 % DA

El-Kamel et al. (2008)

Cicatrizants

The effectiveness of sonophoresis on 
the delivery of high-molecular-weight 
hyaluronan (HA) into the synovial 
membrane using an animal model of 
osteoarthritis

Synovial fluid analysis revealed 
increased absorption, and fluorescence 
microscopy showed deeper 
penetration of both HA1000 and 
HA3000

Park et al. (2005)

Calcein

The skin permeation clearance of 
model hydrophilic solutes, calcein-
labeled dextrans, across the skin under 
the influence of ULS

Good correlations were observed 
between the 3H2O flux and solute 
clearances, and, unexpectedly, the 
slope values obtained from linear 
regression of the plots were consistent 
for all solutes examined

Morimoto et al. (2005)

Oligonucleotides

Assessment of the potential of 
low-frequency ULS in delivering 
therapeutically significant quantities of 
antisense oligonucleotides into the 
skin

Microscopic evaluations using 
revealed heterogeneous penetration 
into the skin

Tezel et al. (2004)

Stimulants

The effect of low-frequency 
sonophoresis on fentanyl and caffeine 
permeation through human and 
hairless rat skin

Discontinuous ULS mode was found 
to be more effective in increasing 
transdermal diffusion of fentanyl, 
while transdermal transportation of 
caffeine was improved by both 
continuous and pulsed mode

Boucaud et al. (2001a, b)

To optimize sonophoresis protocol for 
studying in vitro transdermal drug 
delivery of caffeine

It was found that the best regimen for 
caffeine skin permeation was a 
concurrent 5 min, pulsed mode of 
10 % duty cycle, and at an intensity of 
0.37 W/cm2

Sarheed and Abdul Rasool 
(2011)
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they are easy and direct; the therapeutic agents 
are generally low cost and easy to manufacture; 
and nonviral agents can be mixed and coupled in 
different combinations, giving flexibility to a 
desired therapeutic goal (Taniyama et al. 2002). 
The nonviral agent can be administered in 
repeated doses over time; nonviral vectors can be 
used for immunization due to dendritic cells and 
antigen-presenting cells of Langerhans located in 
the skin.

First attempts of in vitro transfection date back 
in 1987 when Fechheimer et al. (Fechheimer et al. 
1987; Lawrie et  al. 2000; Niidome and Huang 
2002) reported a low level of transfected murine 
fibroblasts using three half-second pulses with an 
intensity of 20 kHz with a sonicator used to homog-
enize tissues. The ULS increases permeability of 

cell membrane and hence plasmids and genetic 
material can be administered. The effectiveness of 
the sonoporation may depend on the cellular cycle 
phase wherein the cells are sonoporated, since 
these have different viscoelastic membrane proper-
ties depending on the stage in the cycle in which 
they are in (Karshafian et  al. 2009). Also when 
changing the membrane permeability of small 
blood vessels due to ULS by the generation of 
microbubbles, leakage of particles into the intersti-
tial space can be caused (Skyba et  al. 1998; 
Juffermans et al. 2008).

The approximations of nonviral gene therapy 
in skin result in a transient gene expression and 
variation of gene expression levels due to rapid 
replacement and renewal of epithelial cells 
(Pouton and Seymour 1998).

Table 3.5  (continued)

Topical/transdermal drug release

Investigations Results Researcher(s)

Calcium

Manipulation of the Ca2+ content of 
the upper epidermis by sonophoresis 
across hairless mouse SC

Sonophoresis at 15 MHz did not alter 
barrier function

Menon et al. (1994)

Panax notoginseng

Effect of a therapeutic ULS coupled 
with a Panax notoginseng gel for 
medial collateral ligament repair in 
rats

This study reveals a helpful ultrasonic 
effect of Panax notoginseng extract 
for improving the strength of ligament 
repair

Ng and Wong (2008)

Ocular drug release

To demonstrate that ULS enhances 
sodium fluorescein corneal 
permeability in rabbit

ULS enhanced, by up to ten times, the 
corneal permeability to different 
compounds such as beta-blockers and 
fluorescein

Zderic et al. (2004a)

Enhancement of corneal permeability 
of different drugs for treatment of 
glaucoma

In all the cases, the permeability of 
rabbit cornea increased by different 
magnitudes (2.6 times for atenolol, 
2.8 for carteolol, 1.9 for timolol, and 
4.4 times for betaxolol) after 60-min 
ULS exposure in vitro

Zderic et al. (2004b)

Nail drug release

Design of a novel ULS-mediated drug 
delivery system for treatment of 
onychomycosis

Current treatments for onychomycosis 
take a long time to result in nail 
healing, thus making this ULS-
mediated device a promising 
alternative

Abadi and Zderic (2011)

J.J. Escobar-Chávez et al.
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Table 3.6  Experimental conditions for different researchers to study transdermal, ungual, and ocular delivery of drugs 
by sonophoresis

Drug

Experimental settings used by different 
researchers for topical transdermal drug 
release Ref.

Lidocaine In good physical shape volunteers
Rabbit skin
Different drug concentrations and 
frequencies (250–100 kHz)
Comparison of pulsed and continuous 
ULS

Wells (1997), McElnay et al. (1985), 
Novak (1964), Griffin and Touchstone 
(1972), Tachibana and Tachibana (1993), 
Williams (1990), Ebrahimi et al. (2012), 
Kim et al. (2007)

Procaine hydrochloride Cultured Madin-Darby Canine 
Kidney (MDCK) epithelial cell a 
model
Constant irradiation of 1.0 W/cm2

Hehn and Moll (1996)

Piroxicam Cellulose film and rabbit skin
0.5–3.0 W/cm2

Meshali et al. (2008)

Ibuprofen Cellulose film and rabbit membrane
0.5–3.0 W/cm2

Meshali et al. (2008)

Diclofenac sodium Cellulose film and rabbit membrane
0.5–3.0 W/cm2

Humans
Polyamidoamine dendrimers together 
with sonophoresis

Meshali et al. (2008), Rosim et al. (2005), 
Huang et al. (2015)

Indomethacin Rat skin
Range of intensities (0.25, 0.5, 0.75, 
and 1 W/cm2) Time 5–20 min

Miyazaki et al. (1992)

Ketorolac tromethamine Rat skin
Continuous mode, intensity of 1–3 W/
cm2, and a frequency of 1 MHz for 
30 min

Tiwari et al. (2004), Yang et al. (2008)

Ketoprofen Humans
Pulse mode of ULS and an intensity 
of 0.8 W/cm2

Hairless rat skin
Frequency of 20 kHz

Cabak et al. (2005), Herwadkar  
et al. (2012)

Flufenamic acid Human skin
Range of intensities (up to 1.5 W/cm2)
Time ULS energy between 5 and 
30 min

Hippius et al. (1998)

Lychnophora pinaster extracts Transdermal sonophoresis in rat paws 
of gel with lupeol and quercetin

Abreu et al. (2013)

Arnica montana, capsaicin, 
methyl salicylate

Creams and gels with Arnica 
montana, menthol, methyl salicylate, 
capsaicin) at 1 MHz- and 3-MHz 
ULS frequencies

Cage et al. (2013)

Rivastigmine In vitro excised skin and in vivo in 
humans and low-frequency 
sonophoresis

Yu et al. (2015)

Penbutolol sulfate Low-frequency sonophoresis at a 
frequency of 20 kHz in split-thickness 
porcine skin

Ita and Popova (2015)

Lercanidipine hydrochloride Use of chemical enhancers and 
sonophoresis

Shetty et al. (2013)

(continued)
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Table 3.6  (continued)

Drug

Experimental settings used by different 
researchers for topical transdermal drug 
release Ref.

5-Aminolevulinic acid Radiofrequency combined with 
sonophoresis

Park et al. (2016)

OnabotulinumtoxinA Ten daily sessions of phonophoresis 
or iontophoresis

Andrade et al. (2011)

Amphotericin B Guinea pigs
Dimethyl sulfoxide as a chemical 
penetration enhancer

Rornanenko and Araviiskii (1991)

Tetracycline Healthy rabbits
Galvanization apparatus “Potok-1”

Ragelis (1981)

Cyclosporin A Rat skin
Pretreatment of the skin with 
chemical enhancers, such as Azone® 
and sodium lauryl sulfate
Trimodality treatment comprising of 
pretreatment with Azone® + ULS in 
combination followed by 
electroporation

Liu et al. (2006)

Methyl prednisolone Human patients affected with alopecia
Frequency of 25 kHz

Santoianni et al. (2004)

Ganciclovir Mice bearing subcutaneous tumors
ULS and nano/microbubbles
Low-intensity pulsed ULS (1 MHz; 
3 W/cm2)

Aoi et al. (2007)

5-Fluorouracil Whole rat skin
Heat-alone and Azone® enhancement

Meidan et al. (1999)

Insulin Hyperglycemic rabbits and New 
Zealand white rabbits
3 × 1 rectangular cymbal array
50 mWcm−2

Rats
Low profile two-by-two ULS array 
based on the “cymbal” transducer
ULS exposure for 60 min (100 mW/
cm2)
265 kHz, 10 % duty cycle focused 
ULS, porcine skin

Luis et al. (2007), Lee et al. (2004a, b), 
Smith et al. 2003a, b, Feiszthuber et al. 
(2015)

Hydrocortisone acetate and 
dexamethasone

Yucatan pigs
1.5 W/cm2, 1 MHz, 5 min

Byl et al. (1993)

Dexamethasone sodium 
phosphate

Patients with knee joint osteoarthritis
Frequency of 1 MHz for 5 min

Akinbo et al. (2007)

Triamcinolone acetonide Mouse skin
Frequency (1.0, 3.0 MHz), intensity 
(1.0, 2.5 W/cm2), and duty cycle 
(continuous and pulse mode)

Yang et al. (2006)

Digoxin Human and hairless mouse skin
Continuous mode, intensities of 1 and 
3 W/cm2, and frequency of 3.3 MHz 
for 10 min

Machet et al. (1996)

Methyl nicotinate Healthy human volunteers
3.0 MHz, 1.0 W/cm2 continuous 
output for 5 min

McElnay et al. (1993)

J.J. Escobar-Chávez et al.
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Table 3.6  (continued)

Drug

Experimental settings used by different 
researchers for topical transdermal drug 
release Ref.

Testosterone Abdominal rat skin
Use of transdermal penetration 
enhancers (1 % oleic acid or 1 % 
dodecylamine)

El-Kamel et al. (2008)

Hyaluronan An animal model of osteoarthritis 
(knee rabbits)
1 MHz, 400 mW/cm2 was applied to 
the knees for 10 min treatment

Park et al. (2005)

Calcein Hairless rat skin
41 kHz, 60–300 mW/cm2

Morimoto et al. (2005)

Oligonucleotides Human skin
20 kHz, 2.4 W/cm2

Tezel et al. (2004)

Fentanyl and caffeine Human and hairless rat skin
20 kHz ULS applied at either 
continuous or discontinuous mode, 
intensity of 2.5 W/cm2

Boucaud et al. (2001a)

Caffeine Porcine skin
Frequency of 20 kHz at different 
durations (range, 5 s to 10 min) using 
three different modes (10 %, 33 %, or 
100 % duty cycles) and two distinct 
sonication procedures (either before 
or concurrent with drug deposition)

Sarheed and Abdul Rasool (2011)

Calcium Hairless mouse SC
15 MHz

Menon et al. (1994)

Panax notoginseng Mature male Sprague-Dawley rats 
receiving surgical transection to the 
left medial collateral ligament
Treatments started on day 3 after 
surgery for 6 days per week over a 
2-week period
4 min of pulse ULS (1 MHz) at the 
intensity of 0.5 W/cm2

Ng and Wong (2008)

Drug Experimental conditions used by 
different researchers for ocular drug 
delivery

Sodium fluorescein Rabbit cornea
Frequency of 880 kHz with intensities 
of 0.19–0.56 W/cm2 with exposure 
duration of 5 min

Zderic et al. (2004a)

Atenolol, carteolol, timolol, 
and betaxolol

Rabbit cornea
20 kHz ULS at spatial average 
pulse-average intensity of 14 W/cm2

Zderic et al. (2004b)

Drug Experimental conditions used by 
different researchers for nail drug 
delivery

Drugs for onychomycosis Canine nails
Three energy levels (acoustic power 
of 1.2 W and exposure durations of 
30, 60, and 120 s)

Abadi and Zderic (2011)

(continued)
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3.5	 �Sonophoretic Devices

The design and construction of portable, capable, 
and cost-effective devices is currently an interest-
ing area of research in sonophoresis (Meidan 
et al. 2000; Talish and Winder 2007). An example 
of this was the design and construction of a small 
lightweight transducer or array. To get the desired 
intensity range, a cymbal transducer design was 
chosen because of its light, compact constitution, 
and small resonance frequency in water. In order 
to increase the spatial ULS field for drug delivery 
across the skin, two arrays, each comprising four 
cymbal transducers, were constructed (Maione 
et al. 2002). The use of ULS by novel transducers 
for improving the transfer of insulin across the 
skin in  vitro was studied. A cymbal transducer 
was used as a single element and configured as an 
array for transdermal insulin delivery and accu-
rately quantified the acoustic field (Smith et  al. 
2003a, b). A sonophoretic device with dual flat 
flextensional ULS transducers with a radiated 
acoustic intensity of about 2–4 times higher than 
that generated by a single ULS transducer was 
reported (Yeo and Zhang 2003).

Several types of sonophoretic devices have 
been developed in recent years. It was demon-
strated that it is feasible to use short ULS expo-
sure times to noninvasively deliver a clinically 
significant dose of insulin that reduces high 
blood glucose levels, using a lightweight 
(<22  g), low-profile cymbal array (Lee et  al. 
2004a, b). Analogous outcomes were found 

using a circular cymbal ULS array to transport 
therapeutic levels of insulin in rats, rabbits, and 
pigs (Luis et al. 2007; Lee et al. 2004a, b; Smith 
et al. 2003a, b). The effectiveness of drug deliv-
ery was enhanced using rectangular cymbal 
design with a broader spatial intensity field 
without raising the dimension of the device 
(Luis et  al. 2007). The feasibility of a light-
weight ULS cymbal transducer array for trans-
dermal insulin delivery in animals was evaluated 
(Park et al. 2007). The outcomes indicated that 
ULS exposure times do not need to be long to 
deliver a clinically important insulin dose to 
diminish a high blood glucose level.

3.5.1	 �Sonophoretic Systems 
Available in the Market

3.5.1.1	 �Patch-Cap, U-Strip, U-Wand, 
and A-Wand Systems

Dermisonics, Inc. (USA) is a medical device 
company that is paying attention on the develop-
ment, testing, and eventual commercialization of 
a transdermal patch to make possible the efficient 
and needle-free delivery of high-molecular-
weight drugs into the systemic circulation. The 
company patented the ultrasonic Patch-CapTM 
device in June 2005; it is a flexible patch for 
transdermal delivery of drugs via ULS.  The 
Patch-Cap device contains the pharmaceutical 
compound in a reservoir without adhesives.

Another patented device by Dermisonics, Inc. 
is the Medi-Cap that replaces conventional trans-
dermal patches and is a critical and integral part 
of the U-StripTM ultrasonic transdermal delivery 
device (Dermisonics, Inc., USA), acting as the 
actual reservoir for the drug as well as being the 
delivery component of the system incorporating a 
transdermal patch in combination with micro-
electronics and ultrasonic technology (Redding 
and Bruce 2005, http://www.prnewswire.com/
news-releases/dermisonics-inc-prepares-u-
striptm-ultrasonic-transducer-device-for-mass-
production-56759392.html). Tests have shown 
that U-StripTM system facilitates transdermal 
delivery of insulin and could be promising for 
delivery of other drugs.
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Fig. 3.3  ULS gene transfer
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The U-StripTM Insulin System is the first wear-
able, programmable, and noninvasive drug deliv-
ery system that uses sonophoresis (Rao and 
Nanda 2009). Hence, the device is an ultrasonic 
drug delivery system using an alternating sonic 
transmission to affect pore dilation and deposit 
high-molecular-weight drugs into the dermis. 
The transducers used in the U-StripTM design 
emit an alternating ultrasonic waveform, opposed 
to ordinary transducers, which emit only sine 
waves, and generate a tremendous amount of heat 
energy as a result. The alternating signal reduces 
the heating effect, which could damage a drug in 
a transdermal patch delivery system. Dermisonics, 
Inc. (USA) has produced a manufacturing mold 
system, which can fabricate their own generation 
of transducers, on an assembly-line basis. This 
step is expected to dramatically improve trans-
ducer precision and is anticipated to reduce man-
ufacturing costs (http://www.prnewswire.com/
news-releases/dermisonics-inc-prepares-u-
striptm-ultrasonic-transducer-device-for-mass-
production-56759392.html).

Dermisonics, Inc. (USA) also developed other 
portable ultrasonic systems, including the 
U-Wand™ and A-Wand™ systems for skin care 
applications and medical purposes, respectively. 
The A-Wand is a handheld, portable, ultrasonic 
wand device for applying antiseptic solutions to 
cuts, abrasions, and wounds with a replaceable 
Patch-Cap, which holds up to 40 ml of antiseptic 
cream. The U-Wand is an ultrasonic cosmetic 
applicator device that is used to apply skin care 
compounds topically to the surface of the skin 
(http://www.prnewswire.com/news-releases/
dermisonics-inc-prepares-u-striptm-ultrasonic-
t ransducer-device-for-mass-product ion-
56759392.html, http://investing.businessweek.
com/research/s tocks/snapshot/snapshot .
asp?ticker=DMSI, http://www.reportlinker.com/
p0894213-summary/Dermisonics-Inc-DMSI-
Strategic-SWOT-Analysis-Review.html).

Sonoderm Technology
Another attractive sonophoretic device is 
Sonoderm® manufactured by BioMedical 
Electronics (France), an antiaging company, which 
integrates a set of additional technologies which 

brings a personalized answer to slimming and cel-
lulite issues (http://www.bme-electronics.com/fr/
pdf/sonoderm_4_gb.pdf). The Sonoderm (Fig. 3.4) 
is a generator of ULS waves allowing direct and 
deep action decongesting adipose tissue and 
improving the appearance of orange peel skin 
(http://www.bme-electronics.com/site/en_prod-
uct_sonoderm.html, http://www.bme-electronics.
com/documents/produits/sonoderm_en_LD.pdf). 
Many drugs, particularly large molecules such as 
insulin, are not absorbed by the oral route and have 
to be injected frequently; in these cases the sono-
derm technology, ULS-assisted transdermal drug 
transport, is useful (http://www.bme-electronics.
com/site/en_product_sonoderm.html, http://www.
bme-electronics.com/documents/produits/sono-
derm_en_LD.pdf). Sonoderm is useful for intro-
ducing active ingredients, treating sensitive skin, 
problem skin with acne, scars and wrinkles (http://
www.bme-electronics.com/site/en_product_sono-
derm.html, http://www.bme-electronics.com/docu-
ments/produits/sonoderm_en_LD.pdf).

SonoLysis
In early 2008, ImaRx Therapeutics, Inc., USA 
developed an ULS-enhanced transdermal drug 
delivery system called SonoLysis. It involves the 
administration of their microbubble-based agent 
MRX-801 and ULS with or without a thrombo-
lytic drug to break up blood clots and restore blood 
flow to oxygen-deprived tissues. MRX-801 micro-
bubbles are a proprietary formulation of a lipid 
shell encapsulating an inert biocompatible gas 
(Unger et al. 1998). These microbubbles involve 
intravenous injection or subcutaneous application 
of a contrast solution containing microbubbles of a 
gas called perflutren, covered by a lipid membrane 
that circulates through the blood, which when in 
contact with ULS explode and release energy. This 
released energy within a clogged cerebral artery 
by a blood clot accelerates disintegration of it for 
better recovery of patient because it shortens the 
time of recanalization (unclogging cerebral artery).

ImaRx Therapeutics, Inc. performed its 
Transcranial ULS in Clinical SONoLysis 
(TUCSON) United States Food and Drug 
Administration (US FDA) clinical trial involving 
35 patients. The randomized, placebo-controlled 
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clinical trial evaluated the safety, tolerability, and 
therapeutic effectiveness of the administration of 
MRX-801 and ULS energy (i.e., Sonolysis™) as 
an adjunctive therapy to tissue plasminogen acti-
vator (tPA) treatment in subjects with acute isch-
emic stroke. However, in 2008, three patients 
enrolled in the TUCSON trial suffered brain 
hemorrhages, and the commercial product 
(Sonolysis™) was taken off the market because it 
needed to pass security tests. So ImaRx 
Therapeutics, Inc. decided to suspend their fur-
ther enrollment in the trial.

More recently, the results from the TUCSON 
trial were reanalyzed and presented at the 2009 
American Stroke Association’s International 
Stroke Conference in San Diego. The post hoc 
analysis found that 67 % of patients who received 
tPA and a low (1.4  ml) dose of MRX-801 had 
their arteries completely cleared out for 36  h, 
compared with 46 % of patients who received tPA 
and a higher dose of MRX-801 (2.8  ml), and 
33 % of patients who received tPA alone. Patients 

who received Sonolysis therapy also had their 
blockages cleared out faster (median time of 
30 min) compared with 60 min for patients in the 
control group (tPA alone). After 90 days about 
75 % of patients who received the low dose of 
MRX-801 had improvement in their disability 
scores, compared with 36 % in the control group. 
Here, researchers suggested that investigations 
with Sonolysis should continue for the treatment 
of two different groups of patients with acute 
ischemic stroke (http://www.sonoworld.com/
Client/ModuleContent/ModuleContent.aspx?Mo
duleId=5&ContentId=1947).

Group 1 included 18 patients that received 
either a single vial (1.8 mL) of MRX-801 (n = 12) 
or placebo (n = 6). Group 2 included 17 patients, 
where 11 patients received two vials (2.8 mL) of 
MRX-801 and six patients received no treatment. 
Preliminary safety data indicated that in group 2 
more intracranial hemorrhages occurred in 
patients that received tissue plasminogen activa-
tor (tPA) compared to controls. The Company 
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Fig. 3.4  Representation of mechanism of action of sonoderm
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suspended the enrollment again. A researcher of 
ImaRx Therapeutics, Inc. noted that there is a 
known association between tPA and the risk of 
intracranial hemorrhage. It was suggested to con-
duct SonoLysis clinical trials without using tPA 
( h t t p : / / w w w. s o n o w o r l d . c o m / C l i e n t /
ModuleContent/ModuleContent.aspx?ModuleId
=5&ContentId=1795).

Sonolysis can be used by topical and subcutane-
ous application of active ingredients like various 
vitamins and other agents having skin restorative 
and anti-wrinkling properties, sun-blocking agents, 
and insect repellants (http://www.sonoworld.com/
Client/ModuleContent/ModuleContent.aspx?Mod
uleId=5&ContentId=1795).

SonoPrep® Skin Permeation System
SonoPrep®, Skin Permeation System (Echo 
Therapeutics, Inc., Franklin, MA), represents a 
noninvasive and painless technology used to 
improve skin permeability for therapeutic and 
diagnostic purpose. SonoPrep® technology was 
planned to be used for: enhancement of transder-
mal diffusion of drugs, needle-free drug release, 
glucose monitoring, and analyte extraction.

A number of the most important advantages of 
the SonoPrep® device are: noninvasive, painless, 
not irritating, needle-free, safe, easy-to-use, and 
cost-effective skin permeation process; patient 
comfort and fulfillment; and adequate results.

SonoPrep® is a device accepted by the Food 
and Drug Administration (FDA), which relies on 
software and a circuit among the reference elec-
trode and the skin place to monitor real-time con-
ductance and accomplish optimal permeation 
without injury to the skin (Tezel et al. 2002). ULS 
application has been shown to augment glucose 
flux 25 times greater than the flux reported for the 
reverse iontophoresis procedure (Kost et al. 2000). 
However, Prelude™ SkinPrep System (Echo 
Therapeutics) is a novel skin device which is pro-
posed to replace SonoPrep. The system consists of 
a not reusable abrasive end driven by an electrical 
motor in a stand-alone hand piece. Instead of ULS, 
PreludeTM utilizes a mechanical way to remove SC 
(Domínguez-Delgado et al. 2010) using the same 
conductance-based response mechanism used in 
SonoPrep. Both use the Symphony™ tCGM 
System (Echo Therapeutics), which contains a 

susceptible biosensor able to maintain consistent 
fluid contact with the skin through a proprietary 
biocompatible hydrogel utilizing glucose oxidase 
as the sensing chemistry (Kellogg et  al. 2005). 
When the biosensor is placed over permeated skin, 
glucose oxidase converts incoming glucose flux 
into hydrogen peroxide, which is in turn broken 
down to electrons through an electrochemical pro-
cess. The resulting electrical signal is then con-
verted into continuous measurements of the 
patient’s glucose level every minute. In addition, it 
has alarms for excessively high and low glucose 
levels (http://www.echotx.com).

Investigations have shown that Prelude 
SkinPrep exhibited the same performance to 
SonoPrep for tCGM appliance. The tCGM system 
may become a preferred medical device in facili-
tating diabetes management (Chuang et al. 2008).

The Symphony tCGM System is a noninva-
sive, wireless, transdermal continuous glucose 
monitoring system intended to provide accurate, 
real-time blood glucose data. All existing FDA-
approved continuous glucose monitoring systems 
are needle based, requiring insertion of a glucose 
sensor into the skin of the patient, which gives rise 
to the risk of infection, inflammation, or bleeding 
at the insertion site. This system does not need 
insertion and thus does not give rise to the risk or 
discomfort associated with needle-based system.

It is considerable to mention that Prelude® 
SkinPrep System is at this time used as the first 
topical application of lidocaine, and it is planned 
that other drugs are included into this system for 
the treatment of other conditions.

3.5.2	 �Combination of Sonophoretic 
Systems with Other 
Enhancing Technologies

It has been shown that low-frequency ULS 
enhances transdermal drug transfer. Nevertheless, 
combinations with other techniques have shown to 
be more successful compared to ULS alone. In par-
ticular, low-frequency ULS (20 kHz < f < 100 kHz) 
has been shown to synergistically improve skin 
permeability in arrangement with chemical pene-
tration enhancers, iontophoresis, microneedles, 
and nanocarrier systems.

3  Therapeutic Applications of Sonophoresis and Sonophoretic Devices

http://www.sonoworld.com/Client/ModuleContent/ModuleContent.aspx?ModuleId=5&ContentId=1795
http://www.sonoworld.com/Client/ModuleContent/ModuleContent.aspx?ModuleId=5&ContentId=1795
http://www.sonoworld.com/Client/ModuleContent/ModuleContent.aspx?ModuleId=5&ContentId=1795
http://www.sonoworld.com/Client/ModuleContent/ModuleContent.aspx?ModuleId=5&ContentId=1795
http://www.sonoworld.com/Client/ModuleContent/ModuleContent.aspx?ModuleId=5&ContentId=1795
http://www.sonoworld.com/Client/ModuleContent/ModuleContent.aspx?ModuleId=5&ContentId=1795
http://www.echotx.com/


50

3.5.2.1	 �ULS and Chemical Penetration 
Enhancers

One of the most significant phenomena observed 
with sonophoresis is that its combination with 
chemical enhancers, such as surfactants, results 
in synergism in the enhancement of transdermal 
drug transport (Ueda et  al. 1995). Chemical 
enhancers alone are known to permeabilize the 
skin by solubilizing or extracting skin lipids and 
by denaturing corneocytes. However, their effect 
on skin permeability can be even more pro-
nounced when combined with ULS (Escobar 
Chávez et al. 2012). As an example, the applica-
tion of sodium lauryl sulfate (SLS) alone, as well 
that of ULS (20 kHz) alone, increased skin per-
meability of mannitol by threefold and eightfold, 
respectively. However, the combined application 
of ULS and 1 % SLS solution induced an about 
200-fold increase in skin permeation of mannitol. 
In addition, in the absence of surfactants, the 
threshold ULS energy for producing a detectable 
change in skin impedance was about 141 J/cm2, 
while the combination of both decreased the 
threshold to about 18 J/cm2 (Ueda et al. 1995).

An additional study demonstrated the syner-
gism between 1.1 and 3.3  MHz high-frequency 
sonophoresis and the chemical penetration 
enhancer laurocapram (Azone®) in delivering 
hydrocortisone across rat skin in  vitro (Meidan 
et al. 1998). It was probably due to accelerated lau-
rocapram diffusion into the skin due to ultrasonic 
thermal effects. Nonetheless, low-frequency sono-
phoresis (20 kHz) using rat skin with laurocapram 
or SLS enhanced synergistically topical delivery 
of cyclosporin A (Kost et  al. 2000). Additional 
studies demonstrating synergism between chemi-
cal enhancers and ULS include: (i) high-frequency 
sonophoresis (1 MHz) and d-limonene in ethanol 
on the percutaneous absorption of ketorolac tro-
methamine through in  vitro rat skin (Miyazaki 
et al. 1992; Tiwari et al. 2004); (ii) high-frequency 
sonophoresis (1–1.1 MHz) and thiazone or glyc-
erol to increase skin optical clearing (Xu et  al. 
2008; Xu et al. 2009; Zhong et al. 2010a, b); (iii) 
high-frequency sonophoresis (0.8 MHz) and lau-
rocapram, oleic acid, or 2-propanediol on the 
in  vitro delivery of sinomenine hydrochloride 
through rat skin (Lee et  al. 2010); (iv) high-fre-
quency sonophoresis (0.8 MHz) and ethanol-con-

taining aqueous gel formulations (hydroxypropyl 
methylcellulose) on the delivery of ibuprofen 
through in vitro and in vivo rabbit skin (Meshali 
et  al. 2011); (v) low-frequency sonophoresis 
(20  kHz) and capsaicin or nonivamide on the 
transdermal flux of indomethacin across nude 
mouse skin in vitro (Fang et al. 2001); (vi) low-
frequency sonophoresis (20 kHz) and 14 different 
chemical enhancers (the best of which was 5 % 
citral in 1:1 ethanol to PBS) on the in vitro trans-
dermal permeation of tizanidine hydrochloride 
across mouse skin (Mutalik et al. 2009); (vii) low-
frequency sonophoresis (20  kHz) and both lipo-
somes and SLS to deliver antigens through rat skin 
in vitro and in vivo (Dahlan et al. 2009); (viii) low-
frequency ULS and Tween 20, dimethylfor-
mamide, propylene glycol, and polyethylene 
glycol at a concentration of 5 % (v/v) on the trans-
dermal permeation of lercanidipine hydrochloride 
throughout mouse skin (Shetty et  al. 2013); (ix) 
low-frequency sonophoresis (20  kHz) and 50 % 
ethanol, 1 % limonene, and 2 % isopropyl myristate 
as chemical enhancers for transdermal penetration 
of penbutolol sulfate through split-thickness por-
cine (Ita and Popova 2015), etc.

3.5.2.2	 �ULS and Iontophoresis
The most common type of physical enhancer that 
has been studied in combination with low-
frequency sonophoresis is iontophoresis, the pro-
cess of increasing skin permeability by 
continuously applying a low-voltage electric 
field across the skin. As an example, ULS (20 
KHz, intensity of 7.4  W/cm2 in a pulse mode) 
was applied only once to each skin piece (along 
with 1 % solution of dodecylpyridinium chloride 
as chemical penetration enhancer) for about 
10 min prior to application of iontophoresis. The 
enhancement of heparin flux due to ULS com-
bined with iontophoresis treatment was about 
56-fold; it was higher than the sum of those 
obtained with iontophoresis alone or ULS alone 
(3 and 15-fold, respectively) (Le et al. 2000). In 
another study it was also found that low-
frequency sonophoresis (20 kHz) with iontopho-
resis (0.5  mA/cm2) synergistically increased 
in  vitro permeation of sodium nonivamide ace-
tate across nude mouse skin (Fang et al. 2002). 
Recently, it was used as an intermediate-frequency 
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ULS (270 kHz) with the application of iontopho-
resis (20 V and 0.45–1.0 mA). It was observed 
with minimal enhancing effects when ULS and 
iontophoresis were used separately, their combi-
nation increased the delivery of antipyrine and 
sodium salicylate tenfold (Watanabe et al. 2009).

Using ULS (300  kHz) and iontophoresis 
(0.32  mA/cm2), the mechanisms of synergistic 
delivery of seven model permeants, ranging in 
molecular weight from 122 to 1485  Da, were 
studied. The study found that in the case of chem-
icals that were non-ionized or greater than 
1000 Da in molecular weight, ULS and iontopho-
resis synergistically enhanced the drug perme-
ation, whereas ionized drugs showed similar 
permeation profiles compared to the iontopho-
retic treatment alone. It was concluded that the 
synergism between ULS and iontophoresis 
occurred due to the increased skin diffusivity fol-
lowed by an increased electroosmosis induced by 
cavitation and by an electroosmotic water flow 
(Hikima et al. 2009).

A synergistic effect was observed by using 
low-frequency sonophoresis (SonoPrep® device, 
Echo Therapeutics, Franklin, MA), followed by 
2  min of low-voltage iontophoresis (Phoresor 
PM700® device, Iomed Incorporated, Salt Lake 
City, UT), to deliver the topical anesthetic 
Iontocaine® (Abbott Laboratories, Chicago, IL) 

(Spierings et al. 2008). In a similar study, it was 
found that with higher ULS frequencies (1 MHz) 
and iontophoresis (5 mA), the delivery of cortisol 
was effective, and it decreased the subjective pain 
complaints of patients with mild-to-intermediate 
stages of carpal tunnel syndrome (Dakowicz and 
Latosiewicz 2005).

3.5.2.3	 �ULS and Microneedles
Recently, a study showed that by combining 
microneedles and ULS, the sonophoretic 
enhanced microneedles array (SEMA) method 
enhanced greatly the transdermal delivery rates 
of calcein (623  Da) and bovine serum albumin 
(BSA) (66,430 Da). More importantly, the trans-
dermal drug delivery of macromolecules with 
large molecular weight can be successfully real-
ized. Using a microneedle array, the primary skin 
barrier of the stratum corneum is penetrated, and 
the drug is delivered into the epidermal layer 
without pain and bleeding. Low-frequency 
sonophoresis causes cavitations in the epidermis 
and also in the drug reservoir, enhancing the 
transdermal drug transport. The scheme and the 
device are shown in Figs. 3.5 and 3.6. The device 
consists of two parts: a hollow microneedle array 
and an ultrasonic emitter (Smith et al. 2003a, b).

A study that combines microneedle (stainless 
steel) and sonophoresis (20 kHz for 5–10 min in 
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Epidermis

Fig. 3.5  Schematic cross-sectional view depicting the structure of the SEMA device and its usage in the skin for trans-
dermal drug delivery (Chen et al. 2010)
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porcine skin) pretreatment was explored to estab-
lish their combined effects on percutaneous 
delivery of lidocaine from a polymeric hydrogel 
formulation. Lidocaine permeability in the skin 
exposed some increases in permeability from 
combined microneedles and ULS pretreatment 
studies. In addition, up to 4.8-fold increase in the 
combined appliance was observed compared 
with separate pretreatments after 30 min. In gen-
eral, the attempted approach promises to be a fea-
sible option to conventional lidocaine delivery 
methods involving painful injections by hypoder-
mic needles (Nayak et al. 2016).

It was proved that the hydrophilic calcein par-
ticles cannot passively diffuse into the skin. The 
skin permeability was greatly enhanced (about 
five times) by the hollow microneedles in com-
parison with the passive diffusion, seven times 
for sonophoresis and enhanced nine times using 
SEMA. Similar results were obtained with BSA: 
skin permeability enhancements of 7 times 
(microneedles), 8.5 times (sonophoresis), and 12 
times were achieved using SEMA, respectively, 
in comparison with the passive diffusion without 
microneedles. It was found that the BSA cannot 
be diffused through the skin without the help of 
the enhancer due to the big size of the molecules 
(Chen et al. 2010).

3.5.2.4	 �ULS and Nanocarriers
Drug delivery research employing micelles and 
solid nanoparticles (polymeric nanotubes and 

fullerenes, liposome nanoparticles, dendrimers, 
etc.) expanded in recent years (Domínguez-
Delgado et al. 2011; Huang et al. 2015). Of par-
ticular interest is the use of these nanovehicles 
that deliver high concentrations of cytotoxic 
drugs to diseased tissues selectively, thus 
reducing the agent’s side effects on the rest of the 
body. ULS, traditionally used in diagnostic 
medicine, is finding a place in drug delivery in 
connection with these nanoparticles. In addition 
to their noninvasive nature and the fact that they 
can be focused on targeted tissues, acoustic 
waves have been credited with releasing pharma-
cological agents from nanocarriers as well as ren-
dering cell membranes more permeable such as 
gene delivery (Husseini and Pitt 2008).

Ultrasonic drug delivery from micelles usually 
employs polyether block copolymers and has been 
found effective in vivo for treating tumors. ULS 
releases drug from micelles, most probably via 
shear stress and shock waves from the collapse of 
cavitation bubbles. Liquid emulsions and solid 
nanoparticles are used with ULS to deliver genes 
in vitro and in vivo. The small packaging allows 
nanoparticles to extravasate into tumor tissues. 
Ultrasonic drug and gene delivery from nanocarri-
ers has a tremendous potential because of the wide 
variety of drugs and genes that could be delivered 
to targeted tissues by fairly noninvasive means 
(Domínguez-Delgado et  al. 2011). Dendrimer-
coupled sonophoresis delivery has shown 
increased analgesic (diclofenac) permeation by 
16.5-fold. Dendrimer-coupled sonophoresis is a 
novel technique to enhance the skin permeation of 
active molecules (Huang et al. 2015). The use of 
chitosan-shelled/decafluoropentane-cored oxy-
gen-loaded nanodroplets with ULS for chronic 
wounds, characterized by hypoxia, inflammation, 
and impaired tissue remodeling, is often worsened 
by bacterial/fungal infections. Intriguingly, these 
nanodroplets have proven effective in delivering 
oxygen to hypoxic tissues (Banche et al. 2015).

Additionally, it has been shown that micro-
bubbles and ULS enhance the cellular uptake of 
drugs (including gene constructs) into the kidney. 
Microbubbles induced modifications to the size 
selectivity of the filtration capacity of the kidney 
may enable drugs to enter previously inaccessi-

PZT

Fig. 3.6  Picture of a packaged microneedle array chip 
with PZT sonicator (Chen et al. 2010)
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ble compartments of the kidney. Although local 
delivery is accomplished by applying ULS only 
to the target area, efficient delivery using conven-
tional microbubbles has depended on the com-
bined injection of both drugs and microbubbles 
directly into the renal artery. Conjugation of anti-
bodies to the shell of microbubbles allows for the 
specific accumulation of microbubbles in the tar-
get tissue after intravenous injection. This excit-
ing approach opens new possibilities for both 
drug delivery and diagnostic ULS imaging in the 
kidney (Deelman et al. 2010).

�Conclusions

Up-to-date data (Ter Haar 2007; Escobar-
Chávez et  al. 2009a, b, c; Modi et  al. 2012; 
Polat et  al. 2011a, b; Escobar-Chávez et  al. 
2010) suggests that sonophoresis is a promis-
ing method for enhancing topical/transdermal 
delivery of drugs as well as ocular (Zderic 
et al. 2004a, b) and nail drug delivery (Abadi 
and Zderic 2011). Further controlled studies 
of this modality are required to determine the 
best possible technique and conditions for 
secure and successful utilization. ULS has 
also been shown to enhance transdermal trans-
port synergistically with the use of other pen-
etration enhancers, such as chemical enhancers 
(Ueda et al. 1995; Meidan et al. 1998), ionto-
phoresis, and electroporation (Escobar Chávez 
et al. 2012; Hikima et al. 2009; Dakowicz and 
Latosiewicz 2005; Escobar-Chávez et  al. 
2009a, b); use of microneedles (Smith et  al. 
2003a, b; Chen et  al. 2010; Escobar-Chávez 
et al. 2011); and utilization of nanocarrier sys-
tems (Domínguez-Delgado et  al. 2011; 
Husseini and Pitt 2008; Escobar-Chávez et al. 
2012a, b).

The use of ULS for other non-pharmaceuti-
cal applications is finally a very prevailing 
tool, since it takes the advantage of properties 
of ULS in tissues. Physicochemical properties 
of ULS such as cavitation, tissue heating, or 
the result of the shock wave per se, denote that 
this physical enhancer can be used for physical 
rehabilitation, sport medicine, to break up clots 
and prevent strokes, as well as their use in gene 
therapy. In outline, the use of sonic therapy in 

various areas has become a very important, 
noninvasive, and cost-effective option. Shortly, 
ULS will have more applications in many 
other areas for its versatility and security.

Acknowledgments  José Juan Escobar-Chávez wishes to 
acknowledge PAPIIT IT 200115, Cátedra PIAPI 1619, 
and PAPIME PE 200414. The authors report no conflict of 
interests.

References

Abadi D, Zderic V (2011) ULS-mediated nail drug deliv-
ery system. J ULS Med 30(12):1723–1730

Abreu VG, Correa GM, Silva TM, Fontoura HS et  al 
(2013) Anti-inflammatory effects in muscle injury by 
transdermal application of gel Lychnophora pinaster 
aerial parts using phonophoresis in rats. BMC 
Complement Alter Med 13(270):1–8

Akinbo SR, Aiyejusunle CB, Akinyemi OA et al (2007) 
Comparison of the therapeutic efficacy of phonopho-
resis and iontophoresis using dexamethasone sodium 
phosphate in the management of patients with knee 
osteoarthritis. Niger Postgrad Med J 14(3):190–194

Álvarez-Román R, Merino G, Kalia Y et al (2003) Skin 
permeability enhancement by low frequency sonopho-
resis: lipid extraction and transport pathways. J Pharm 
Sci 92(6):1138–1146

Amit J, Jaideep R (2002) Sonicated transdermal drug 
transport. J Control Release 83:13–22

Andrade PC, Flores GP, Uscello Jde F et al (2011) Use of 
iontophoresis or phonophoresis for delivering onabotu-
linumtoxinA in the treatment of palmar hyperhidrosis: a 
report on four cases. An Bras Dermatol 86(6):1243–1246

Aoi A, Watanabe Y, Mori S et al (2007) Herpes simplex 
virus thymidine kinase mediated suicide gene therapy 
using nano/microbubbles and ULS.  ULS Med Biol 
34(39):425–434

Banche G, Prato M, Magnetto C et al (2015) Antimicrobial 
chitosan nanodroplets: new insights for ultrasound-
mediated adjuvant treatment of skin infection. Future 
Microbiol 10(6):929–939

Becker B, Helfrich S, Baker E et al (2005) ULS with topi-
cal anesthetic rapidly decreases pain of intravenous 
cannulation. Acad Emerg Med 12(4):289–295

Benwell AD, Bly SHP (1987) Sources and applications of 
ULS. In: Repacholi MH, Grandolfo M, Rindi A (eds) 
ULS: Medical application, biological effects and haz-
ard potentials. Plenum Press, New York, pp 29–47

Boucaud A, Machet L, Arbeille B et al (2001a) In vitro 
study of low-frequency ULS-enhanced transdermal 
transport of fentanyl and caffeine across human and 
hairless rat skin. Int J Pharm 228:69–77

Boucaud A, Montharu J, Machet L et al (2001b) Clinical 
histological, an electron microscopy study of skin 

3  Therapeutic Applications of Sonophoresis and Sonophoretic Devices



54

exposed to low-frequency ULS.  Anat Rec Part A 
264(1):114–119

Brown M, Martin G, Jones S, Akomeah F (2006) Dermal 
and transdermal drug delivery systems: current and 
future prospects. Drug Deliv 13(3):175–187

Byl NN, McKenzie A, Halliday B et  al (1993) The 
effects of phonophoresis with corticosteroids con-
trolled pilots study. J Orthop Sports Phys Ther 18(5): 
590–600

Cabak A, Maczewska M, Lyp M et al (2005) The effec-
tiveness of phonophoresis with ketoprofen in the treat-
ment of epocondylopathy. Ortop Traumatol Rehabil 
37(6):660–665

Cage SA, Rupp KA, Castel JC et  al (2013) Relative 
acoustic transmission of topical preparations used 
with therapeutic ultrasound. Arch Phys Med Rehabil 
94(11):2126–2130

Cancel LM, Tarbell JM, Ben-Jebria A (2004) Fluorescein 
permeability and electrical resistance of human skin 
during low frequency ULS application. J  Pharm 
Pharmacol 56:1109–1118

Chen B, Wei J, Iliescu C (2010) Sonophoretic enhanced 
microneedles array (SEMA)—improving the effi-
ciency of transdermal drug delivery. Sensors Actuators 
B 145(1):54–60

Chuang H, Trieu MQ, Hurley J et al (2008) Pilot Studies 
of Transdermal Continuous Glucose Measurement in 
Outpatient Diabetic Patients and in Patients during and 
after Cardiac Surgery. J  Diabetes Sci Technol 2(4): 
595–602

Dahlan A, Alpar H, Murdan S (2009) An investigation 
into the combination of low frequency ULS and 
liposomes on skin permeability. Int J Pharm 379(1): 
139–142

Dakowicz A, Latosiewicz R (2005) The value of ion-
tophoresis combined with ULS in patients with the 
carpal tunnel syndrome. Rocz Akad Med Bialymst 
50(1):196–198

Deelman LE, Declèves AE, Rychak JJ et  al (2010) 
Targeted renal therapies through microbubbles and 
ULS. Adv Drug Deliv Rev 62(14):1369–1377

Domínguez-Delgado CL, Rodríguez-Cruz IM, López-
Cervantes M (2010) Chapter 1: The Skin: A valuable 
route for administration of drugs. In: José Juan E-C, 
Virginia M (eds) Current technologies to increase 
the transdermal delivery of drugs. Bentham Science 
Publishers Ltd, Bussum, pp 1–22

Domínguez-Delgado CL, Rodríguez-Cruz IM, Escobar-
Chávez JJ et al (2011) Preparation and characteriza-
tion of triclosan nanoparticles intended to be used 
for the treatment of acné. Eur J  Pharm Biopharm 
79(1):102–107

Ebrahimi S, Abbasnia K, Motealleh A et al (2012) Effect 
of lidocaine phonophoresis on sensory blockade: 
pulsed or continuous mode of therapeutic ultrasound? 
Physiotherapy 98(1):57–63

El-Kamel AH, Al-Fagih IM, Alsarra IA (2008) Effect of 
sonophoresis and chemical enhancers on testosterone 
transdermal delivery from solid lipid microparticles: 
an in vitro study. Curr Drug Deliv 5(1):20–26

Escobar Chávez JJ, Díaz-Torres R, Rodríguez Cruz  IM 
et  al (2012) Nanocarriers for transdermal drug  
delivery. Res Rep Transdermal Drug Deliv 1:3–17

Escobar-Chávez JJ, Bonilla-Martínez D, Villegas-
González A et al (2009a) The use of sonophoresis in 
the administration of drugs through the skin. J Pharm 
Pharmaceut Sci 12(1):88–115

Escobar-Chávez JJ, Bonilla-Martínez D, Villegas-
González MA et al (2009b) The electroporation as an 
efficient physical enhancer for transdermal drug deliv-
ery. J Clin Pharmacol 49(11):1262–1283

Escobar-Chávez JJ, Merino-Sanjuán V, López-Cervantes 
M et al (2009c) The use of iontophoresis in the admin-
istration of drugs through the skin for smoking cessa-
tion. Curr Drug Discov Technol 6(3):171–185

Escobar-Chávez JJ, Bonilla-Martínez D, Villegas-
González MA (2010) Sonophoresis: a valuable physi-
cal enhancer to increase transdermal drug delivery. In: 
José Juan E-C, Virginia M (eds) Current technologies 
to increase the transdermal delivery of drugs, vol 1. 
Bentham Science Publishers, Bussum, Netherlands, 
pp 53–76

Escobar-Chávez JJ, Bonilla-Martínez D, Villegas-
González A et  al (2011) Microneedles: a valuable 
physical enhancer for transdermal drug delivery. 
J Clin Pharmacol 51(7):964–977

Escobar-Chávez JJ, Rodríguez Cruz IM, Domínguez-
Delgado CL et  al (2012a) Nanocarrier systems for 
transdermal drug delivery. In: Sezer AD (ed) Recent 
advances in novel drug carrier systems. InTech, 
Rijeka, pp 201–240

Escobar-Chávez JJ, Rodríguez Cruz IM, Domínguez-
Delgado CL (2012b) Chemical and physical enhanc-
ers for transdermal drug delivery. In: Gallelli L (ed) 
Pharmacology. InTech Rijeka, Croatia., pp 397–434

Fang J, Fang C, Hong C et al (2001) Capsaicin and noni-
vamide as novel skin permeation enhancers for indo-
methacin. Eur J Pharm Sci 12(3):195–203

Fang J, Hwang T, Huang Y et al (2002) Transdermal ionto-
phoresis of sodium nonivamide acetate: V. Combined 
effect of physical enhancement methods. Int J Pharm 
235(1–2):95–105

Fechheimer M, Boylan JF, Parker S et  al (1987) 
Transfection of mammalian cells with plasmid DNA 
by scrape loading and sonication loading. Proc Natl 
Acad Sci 84(23):8463–8467

Feiszthuber H, Bhatnagar S, Gyöngy M, Coussios CC 
(2015) Cavitation-enhanced delivery of insulin in agar 
and porcine models of human skin. Phys Med Biol 
60(6):2421–2434

Griffin JE, Touchstone JC (1972) Effects of ULS fre-
quency on cortisone into swine tissue. Am J Phys Med 
51:62–78

Hehn B, Moll F (1996) Phonophoretic permeation of pro-
caine hydrochloride through and MDCK cell mono-
layer. Pharmazie 51(5):341–345

Herwadkar A, Sachdeva V, Taylor LF et  al (2012) Low 
frequency sonophoresis mediated transdermal and 
intradermal delivery of ketoprofen. Int J  Pharm 
423(2):289–296

J.J. Escobar-Chávez et al.



55

Hikima T, Ohsumi S, Shirouzu K et al (2009) Mechanisms 
of synergistic skin penetration by sonophoresis and 
iontophoresis. Biol Pharm Bull 32(5):905–909

Hippius M, Uhlemann C, Smolenski U et  al (1998) In 
vitro investigations of drug release and penetration 
enhancing effect of ULS on transmembrane transport 
of flufenamic acid. Int Clin Pharmacol Ther 36(2): 
107–111

http://investing.businessweek.com/research/stocks/snap-
shot/snapshot.asp?ticker=DMSI. Accessed 27 Oct 
2012

http://www.bme-electronics.com/documents/produits/
sonoderm_en_LD.pdf Accessed 26 Oct 2012

http://www.bme-electronics.com/fr/pdf/sonoderm_4_
gb.pdf. Accessed 25 Oct 2012

http://www.bme-electronics.com/site/en_product_sono-
derm.html. Accessed 26 Oct 2012

http://www.echotx.com/Accessed. 4 Nov 2012
http://www.prnewswire.com/news-releases/dermisonics-

inc-prepares-u-striptm-ultrasonic-transducer-device-
for-mass-production-56759392.html. Accessed 30 
Oct 2012

http://www.reportlinker.com/p0894213-summary/
Dermisonics-Inc-DMSI-Strategic-SWOT-Analysis-
Review.html. Accessed 24 Oct 2012

http://www.sonoworld.com/Client/ModuleContent/
ModuleContent.aspx?ModuleId=5&ContentId=1795. 
Accessed 26 Oct 2012

http://www.sonoworld.com/Client/ModuleContent/
ModuleContent.aspx?ModuleId=5&ContentId=1947. 
Accessed 25 Oct 2012

Huang B, Dong WJ, Yang GY et  al (2015) Dendrimer-
coupled sonophoresis-mediated transdermal drug-
delivery system for diclofenac. Drug Des Devel Ther 
23(9):3867–3876

Husseini GA, Pitt WG (2008) Micelles and nanoparticles 
for ultrasonic drug and gene delivery. Adv Drug Deliv 
Res 60(10):1137–1152

Ita K (2015) Recent progress in transdermal sonophoresis. 
Pharm Dev Technol 25:1–9

Ita KB, Popova IE (2015) Influence of sonophoresis and 
chemical penetration enhancers on percutaneous 
transport of penbutolol sulfate. Pharm Dev Technol 
18:1–6

Juffermans LJM, Kamp O, Dijkmans PA et  al (2008) 
Low-intensity ULS-exposed microbubbles provoke 
local hyperpolarization of the cell membrane via acti-
vation of BK(Ca) channels. ULS Med Biol 34(3): 
502–508

Karshafian R, Bevan PD, Williams R et  al (2009) 
Sonoporation by ULS-activated microbubble contrast 
agents: Effect of acoustic exposure parameters on cell 
membrane permeability and cell viability. ULS Med 
Biol 35(5):847–860

Kassan DG, Lynch AM, Stiller MJ (1996) Physical 
enhancement of dermatologic drug delivery: ionto-
phoresis and phonophoresis. J  Am Acad Dermatol 
34(4):657–666

Katz N, Shapiro D, Herrmann T et al (2004) Rapid onset 
of cutaneous anesthesia with EMLA cream after 

pretreatment with a new ULS emitting device. Anesth 
Analg 98(2):371

Kellogg SC, Chuang H, Barman S et  al (2005) Echo 
Therapeutics Inc. Assignee. System and method for 
continuous non-invasive glucose monitoring. United 
States patent application USSN 11/275,038

Khaibullina A, Jang BS, Sun H et al (2008) Pulsed high 
intensity focused ULS enhances uptake of radiola-
beled monoclonal antibody to human epidermoid 
tumor in nude mice. J Nucl Med 49(2):295–302

Kim TY, Jung DI, Kim YI et al (2007) Anesthetic effects 
of lidocaine hydrochloride gel using low frequency 
ULS of 0.5MHz. J Pharm Pharm Sci 10(1):1–8

Kost J, Mitragotri S, Gabbay RA et al (2000) Transdermal 
monitoring of glucose and other analytes using 
ULS. Nat Med 6:327–350

Kushner J  IV, Blankschtein D, Langer R (2004) 
Experimental demonstration of the existence of highly 
permeable localized transport regions in low-
frequency sonophoresis. J Pharm Sci 93:2733–2745

Kushner J, Kim D, So P et al (2007) Dual-channel two-
photon microscopy study of transdermal transport in 
skin treated with low frequency ULS and chemical 
enhancer. J Invest Dermatol 127(12):2832–2846

Kushner J  IV, Blankschtein D, Langer R (2008) 
Heterogeneity in skin treated with low-frequency 
ULS. J Pharm Sci 97:4119–4128

Larkin JO, Casey GD, Tangney M et al (2008) Effective 
tumor treatment using optimized ULS mediated 
delivery of bleomycin. ULS Med Biol 34(3): 
406–413

Lavon I, Kost J (2004) ULS and transdermal drug deliv-
ery. DDT 9(15):670–676

Lawrie A, Brisken A, Francis S et al (2000) Microbubble-
enhanced ULS for vascular gene delivery. Gene Ther 
7(23):2023–2027

Le L, Kost J, Mitragotri S (2000) Combined effect of low-
frequency ULS and iontophoresis: applications for 
transdermal heparin delivery. Pharm Res 17(9): 
1151–1154

Lee S, Newnham RE, Smith NB et al (2004a) Short ULS 
exposure times for noninvasive insulin delivery in rats 
using the lightweight cymbal array. IEEE Trans 
Ultrason Ferroelectr Freq Control 51(2):176–180

Lee S, Snyder B, Newnham RE, Smith NB (2004b) 
Noninvasive ultrasonic transdermal insulin delivery in 
rabbits using the light weight cymbal array. Diabetes 
Techno Ther 6(6):808–815

Lee S, Choi K, Menon G et al (2010) Penetration path-
ways induced by low frequency sonophoresis with 
physical and chemical enhancers: Iron oxide nanopar-
ticles versus Lanthanum nitrates. J  Invest Dermatol 
130(4):1063–1072

Levenets AA, Shuvalov SM, Poliakov AV (1989) The 
effect of the disodium salt of ethylenediaminetetraac-
etate on the healing of experimental suppurative 
wounds. Stomatologiia (Mosk) 68:14–16

Liu H, Li S, Pan W et  al (2006) Investigation into the 
potential of low-frequency ULS facilitated topical 
delivery of Cyclosporin A. Int J Pharm 326:32–38

3  Therapeutic Applications of Sonophoresis and Sonophoretic Devices

http://investing.businessweek.com/research/stocks/snapshot/snapshot.asp?ticker=DMSI
http://investing.businessweek.com/research/stocks/snapshot/snapshot.asp?ticker=DMSI
http://www.bme-electronics.com/documents/produits/sonoderm_en_LD.pdf
http://www.bme-electronics.com/documents/produits/sonoderm_en_LD.pdf
http://www.bme-electronics.com/fr/pdf/sonoderm_4_gb.pdf
http://www.bme-electronics.com/fr/pdf/sonoderm_4_gb.pdf
http://www.bme-electronics.com/site/en_product_sonoderm.html
http://www.bme-electronics.com/site/en_product_sonoderm.html
http://www.echotx.com/Accessed
http://www.prnewswire.com/news-releases/dermisonics-inc-prepares-u-striptm-ultrasonic-transducer-device-for-mass-production-56759392.html
http://www.prnewswire.com/news-releases/dermisonics-inc-prepares-u-striptm-ultrasonic-transducer-device-for-mass-production-56759392.html
http://www.prnewswire.com/news-releases/dermisonics-inc-prepares-u-striptm-ultrasonic-transducer-device-for-mass-production-56759392.html
http://www.reportlinker.com/p0894213-summary/Dermisonics-Inc-DMSI-Strategic-SWOT-Analysis-Review.html
http://www.reportlinker.com/p0894213-summary/Dermisonics-Inc-DMSI-Strategic-SWOT-Analysis-Review.html
http://www.reportlinker.com/p0894213-summary/Dermisonics-Inc-DMSI-Strategic-SWOT-Analysis-Review.html
http://www.sonoworld.com/Client/ModuleContent/ModuleContent.aspx?ModuleId=5&ContentId=1795
http://www.sonoworld.com/Client/ModuleContent/ModuleContent.aspx?ModuleId=5&ContentId=1795
http://www.sonoworld.com/Client/ModuleContent/ModuleContent.aspx?ModuleId=5&ContentId=1947
http://www.sonoworld.com/Client/ModuleContent/ModuleContent.aspx?ModuleId=5&ContentId=1947


56

Luis J, Park EJ, Meyer RJ, Smith NB (2007) Rectangular 
cymbal arrays for improved ultrasonic transdermal 
insulin delivery. J Acoust Soc Am 122(4):2022–2030

Machet L, Boucaud B (2002) Phonophoresis: efficiency, 
mechanisms and skin tolerance. Int J Pharm 243:1–15

Machet L, Pinton J, Patat F et al (1996) In vitro phono-
phoresis of digoxin across hairless mice and human 
skin: thermal effect of ULS. Int J Pharm 133:39–45

Maione E, Shung KK, Meyer RJ et al (2002) Transducer 
design for a portable ULS enhanced transdermal drug 
delivery system. IEEE Trans Ultrason Ferroelectr Freq 
Control 49(10):1439–1446

Maloney M, Bezzant JL, Stephen RL (1992) Iontophoreric 
administration of lidocaine anesthesia in office prac-
tice. J Dermatol Surg Oncol 18:937–940

Matinian AL, Nagapetian KH, Amirian SS et  al (1990) 
Papain phonophoresis in the treatment of suppura-
tive wounds and inflammatory processes. Khirurgiia 
(Mosk) 9:74–76

McElnay JC, Mathews MP, Harland R et  al (1985) The 
effect of ULS on percutaneous absorption of ligno-
caine. Br J Clin Pharmacol 20:421–424

McElnay JC, Benson HA, Harland R, Hadgraft J (1993) 
Phonophoresis of methyl nicotinate. A preliminary 
study to elucidate the mechanism of action. Pharm Res 
10(12):1726–1731

Meidan V, Docker M, Walmsley A et  al (1998) 
Phonophoresis of hydrocortisone with enhancers: an 
acoustically defined model. Int J Pharm 170(2):157–168

Meidan VM, Walmsley AD, Docker MF, Irwin WJ (1999) 
ULS enhanced diffusion into coupling gel during 
phonophoresis of 5-fluorouracil. Int J Pharm 185(2): 
205–213

Meidan VM, Docker M, Walmsley A et  al (2000) Low 
intensity ULS as a probe to elucidate the relative fol-
licular contribution to total transdermal absorption. 
Pharm Res 15(1):85–92

Menon GK, Price LF, Bommannan B et al (1994) Selective 
obliteration of the epidermal calcium gradient leads to 
enhanced lamellar body secretion. J  Invest Dermatol 
102(5):789–795

Merino G, Kalia YN, Guy RH (2003) ULS-enhanced 
transdermal transport. J Pharm Sci 92:1125–1137

Meshali MM, Abdel-Aleem HM, Sakr FM et al (2008) In 
vitro phonophoresis: effect of ULS intensity and mode 
at high frequency on NSAIDs transport across cellulose 
and rabbit skin membranes. Pharmazie 63(1):49–53

Meshali M, Abdel-Aleem H, Sakr F et al (2011) Effect of 
gel composition and phonophoresis on the transdermal 
delivery of ibuprofen: in vitro and in vivo evaluation. 
Pharm Dev Technol 16(2):93–101

Mitagroti S, Blankschtein D, Langer R (1995) ULS-
mediated transdermal protein delivery. Science 
269(5255):850–853

Mitagroti S, Blankschtein D, Langer R (1996) 
Transdermal drug delivery using low-frequency sono-
phoresis. Pharm Res 13(3):411–420

Mitagroti S, Ray D, Farrell J  et  al (2000) Synergistic 
effect of low-frequency ULS and sodium lauryl sulfate 
on transdermal transport. J Pharm Sci 89(7):892–900

Miyazaki S, Mizuoka H, Kohata Y, Takada M (1992) 
External control of drug release and penetration. 
Enhancing effect of ULS on the transdermal absorp-
tion of indomethacin from an ointment in rats. Chem 
Pharm Bull (Tokyo) 40(10):2826–2830

Modi SB, Pokiya AB, Dhandhalya MC (2012) A review 
on sonophoresis mediated transdermal drug delivery 
system. Am J Pharm Tech Res 2(3):257–277

Morimoto Y, Mutoh TM, Ueda H et al (2005) Elucidation 
of the transport pathway in hairless rat skin enhanced 
by low-frequency sonophoresis based on the solute–
water transport relationship and confocal microscopy. 
J Control Release 103:587–597

Mutalik S, Parekh H, Davies N et  al (2009) Combined 
approach of chemical enhancers and sonophoresis for 
the transdermal delivery of tizanidine hydrochloride. 
Drug Deliv 16(2):82–91

Nayak A, Babla H, Han T et al (2016) Lidocaine carboxy-
methyl cellulose with gelatine co-polymer hydrogel 
delivery by combined microneedle and ultrasound. 
Drug Deliv 23(2):668–679

Newman CM, Lawrie A, Brisken AF et  al (2003) ULS 
gene therapy: on the road from concept to reality. 
Echocardiography 18(4):339–347

Ng GY, Wong RY (2008) ULS phonophoresis of panax 
notoginseng improves the strength of repairing liga-
ment: a rat model. ULS Med Biol 34(12):1919–1923

Niidome T, Huang L (2002) Gene therapy progress and pros-
pects: nonviral vectors. Gene Ther 9(24):1647–1652

Novak FJ (1964) Experimental transmission of lidocaine 
through intact skin by ultrasound. Arch Phys Med 
Rehabil 64:231–232

Paliwal S, Menon GK, Mitragotri S (2006) Low-
frequency sonophoresis: ultrastructural basis for stra-
tum corneum permeability assessed using quantum 
dots. J Invest Dermatol 126:1095–1101

Park SR, Jang KW, Park S-H et al (2005) The effect of 
sonication on simulated osteoarthritis part I: effect of 
1 MHz ULS on uptake of hyaluronan into the rabbit 
synovium. ULS Med Biol 31(11):1551–1558

Park EJ, Werner J, Smith NB (2007) ULS mediated trans-
dermal insulin delivery in pigs using a lightweight 
transducer. Pharm Res 24(7):1396–1401

Park JM, Jeong KH, Bae MI et al (2016) Fractional radio-
frequency combined with sonophoresis to facilitate 
skin penetration of 5-aminolevulinic acid. Lasers Med 
Sci 31(1):113–118

Polat B, Figueroa P, Blankschtein D, Langer R (2011a) 
Transport pathways enhancement mechanisms within 
localized and non-localized transport regions in skin 
treated with low frequency sonophoresis and sodium 
lauryl sulfate. J Pharm Sci 100(2):512–529

Polat BE, Hart D, Langer R et al (2011b) ULS-mediated 
transdermal drug delivery: mechanisms, scope, and 
emerging trends. J Control Release 152(3):330–348

Pouton CW, Seymour LW (1998) Key issues in non-viral 
gene delivery. Adv Drug Deliv Rev 34(1):3–19

Ragelis S (1981) Tetracycline penetration into tissue by 
modified electro and phonophoretic methods. 
Antibiotiki 26(9):699–703

J.J. Escobar-Chávez et al.



57

Rao R, Nanda S (2009) Sonophoresis: recent advancements 
and future trends. J Pharm Pharmacol 61:689–705

Redding J, Bruce K (2005) Substance delivery device. 2005; 
US Patent 6,908,448, 21 June 2005, Dermisonics, Inc

Rornanenko IM, Araviiskii RA (1991) Comparative levels 
of amphotericin B in the skin and subcutaneous fatty 
tissue after cutaneous application of amphotericin 
ointment by phonophoresis and with preliminary treat-
ment by dimethyl sulfoxide. Antibiot Khimioter 
36:29–31

Rosim GC, Barbieri CH, Lanças FM, Mazzer N (2005) 
Diclofenac phonophoresis in human volunteers. ULS 
Med Biol 31(3):337–343

Saliba S, Mistry DJ, Perrin DH et al (2007) Phonophoresis 
and the absorption of dexamethasone in the presence 
of an occlusive dressing. J Athl Train 42(3):349–354

Santoianni P, Nino M, Calabro G (2004) Intradermal drug 
delivery by low frequency sonophoresis (25KHz). 
Dermatol Online J 10(2):24–33

Sarah K, Sharma B, Yadav B (2011) Sonophoresis: an 
advanced tool in transdermal drug delivery system. Int 
J Current Pharm Res 3(3):89–97

Sarheed O, Abdul Rasool BK (2011) Development of an 
optimized application protocol for sonophoretic trans-
dermal delivery of a model hydrophilic drug. Open 
Biomed Eng J 5:14–24

Serikov NP (2007) Efficacy of ibuprofen (nurofen gel) 
ultraphonophoresis for pain in osteoarthritis. Ter Arkh 
79(5):79–81

Seto J, Polat B, Lopez R et al (2010) Effects of ULS and 
sodium lauryl sulfate on the transdermal delivery of 
hydrophilic permeants: Comparative in  vitro studies 
with full thickness and split thickness and human skin. 
J Control Release 145(1):26–32

Shetty PK, Suthar NA, Menon J et al (2013) Transdermal 
delivery of lercanidipine hydrochloride: effect of 
chemical enhancers and ultrasound. Curr Drug Deliv 
10(4):427–434

Skauen DM, Zentner GM (1984) Phonophoresis. Int 
J Pharm 20:235–245

Skyba DM, Price RJ, Linka AZ et al (1998) Direct in vivo 
visualization of intravascular destruction of microbub-
bles by ULS and its local effects on tissue. Circulation 
98(4):290–293

Smith NB, Lee S, Maione E et al (2003a) ULS mediated 
transdermal transport of insulin through in-vitro 
human skin using novel transducer designs. ULS Med 
Biol 29(2):311–317

Smith NB, Lee S, Shung KK (2003b) ULS-mediated 
transdermal in vivo transport of insulin with low pro-
file cymbal arrays. ULS Med Boil 29(8):1205–1210

Spierings E, Brevard J, Katz N (2008) Two minute skin 
anesthesia through ULS pretreatment and iontopho-
retic delivery of a topical anesthetic: a feasibility 
study. Pain Med 9(1):55–59

Tachibana K, Tachibana S (1993) Use of ULS to enhance 
the local anesthetic effect of topically applied aqueous 
Lidocaine. Anesthesiology 78:1091–1096

Talish RJ, Winder AA (2007) ULS bandages. 2007; US 
Patent 7,211,060

Tang H, Mitagroti S, Blanksschtein D et  al (2001) 
Theoretical description of transdermal transport of 
hydrophilic permeants: application to low frequency 
sonophoresis. J Pharm Sci 90(5):545–568

Tang H, Blankschtein D, Langer R (2002a) Prediction of 
steady state skin permeabilities of polar and non polar 
permeants across excised pig skin based on measure-
ments of transient diffusion: characterization of hydra-
tion effects on the skin porous pathway. J Pharm Sci 
91(8):1891–1907

Tang H, Wang C, Blankschtein D, Langer R (2002b) An 
investigation of the role of cavitation in low frequency 
ULS mediated transdermal drug transport. Pharm Res 
19(8):1160–1169

Taniyama Y, Tachibana K, Hiraoka K et  al (2002) 
Development of safe and efficient novel nonviral gene 
transfer using ULS: enhancement of transfection effi-
ciency of naked plasmid DNA in skeletal muscle. 
Gene Ther 9(6):372

Ter Haar G (2007) Therapeutic applications of ULS. Prog 
Biophys Mol Biol 93:111–129

Terahara T, Mitragotri S, Kost J, Langer R (2002) 
Dependence of low frequency sonophoresis on ULS 
parameters; distance of the horn and intensity. Int 
J Pharm 235(1-2):35–42

Tezel A, Sens A, Mitragotri S (2002) Investigations of the 
role of cavitation in low-frequency sonophoresis using 
acoustic spectroscopy. J Pharm Sci 91(2):444–453

Tezel H, Dokka S, Kelly S et al (2004) Topical delivery of 
anti-sense oligonucleotides using low-frequency sono-
phoresis. Pharm Res 21(12):2219–2225

Tiwari SB, Pai RM, Udupa N (2004) Influence of ULS on 
the percutaneous absorption of ketorolac trometh-
amine in  vitro across rat skin. Drug Deliv 11(1): 
47–51

Ueda H, Sugibayashi K, Morimoto Y (1995) Skin pene-
tration enhancing effects of drugs by phonophoresis. 
J Control Release 37:291–297

Unger, EC, Matsunaga TO, Yellowhair D (1998) Gas and 
gaseous precursor filled microspheres as topical and 
subcutaneous delivery vehicles. US Patent 5,733,572, 
31 March, ImaRx Pharmaceutical Corp

Walker JJ (1983) ULS therapy for keloids. S Afr Med 
J 64(8):270

Watanabe S, Takagi S, Ga K et al (2009) Enhanced trans-
dermal drug penetration by the simultaneous applica-
tion of iontophoresis and sonophoresis. J Drug Del Sci 
Tech 19(3):185–189

Wells PN (1997) Biomedical ultrasonics. Academic Press, 
New York

Weyman AE (1991) Physical principles of ULS.  In: 
Weyman AE (ed) Principles and practice of echo-
cardiography. Lea and Febiger, Philadelphia, 
pp 3–28

Williams AR (1990) Phonophoresis: an in vivo evaluation 
using three topical anaesthetic preparations. Ultrasonics 
28:137–141

Wood RW, Loomis AL (1927) The physical and biologi-
cal effects of high frequency sound waves of great 
intensity. Phil Mag 4:417–436

3  Therapeutic Applications of Sonophoresis and Sonophoretic Devices



58

Xu X, Zhu Q, Sun C (2008) Combined effect of ULS-SLS 
on skin optical clearing. IEEE Photonics Technol Lett 
20(24):2117–2119

Xu X, Zhu Q, Sun C (2009) Assessment of the effects of 
ULS-mediated alcohols on skin optical clearing. 
J Biomed Opt 14(3):034042

Yang JH, Kim DK, Yun MY et  al (2006) Transdermal 
delivery system of triamcinolone acetonide from a gel 
using phonophoresis. Arch Pharm Res 29(5):412–427

Yang JH, Kim TY, Lee JH et al (2008) Anti-hyperalgesic 
and anti-inflammatory effects of ketorolac trometh-
amine gel using pulsed ULS in inflamed rats. Arch 
Pharm Res 31(4):511–517

Yeo SH, Zhang HY (2003) Development of a novel sono-
phoresis micro-device. Biomed Microdev 5:201–206

Yu ZW, Liang Y, Liang WQ (2015) Low-frequency sono-
phoresis enhances rivastigmine permeation in  vitro 
and in vivo. Pharmazie 70(6):379–380

Zagzebski JA (1996) Physics of diagnostic ULS.  In: 
Lading DE, Potts L (eds) Essentials of ULS physics. 
Mosby-Year Book, St. Louis, pp 1–19

Zderic V, Clark JI, Martin RW, Vaezy S (2004a) ULS-
enhanced transcorneal drug delivery. Cornea 23(8): 
804–811

Zderic V, Clark JI, Vaezy S (2004b) Drug delivery into 
the eye with the use of ULS.  J ULS Med 23: 
1349–1359

Zhong H, Guo Z, Wei H et al (2010a) In vitro study of 
ULS and different-concentration glycerol-induced 
changes in human skin optical attenuation assessed 
with optical coherence tomography. J  Biomed Opt 
15(3):036012

Zhong H, Guo Z, Wei H et al (2010b) Synergistic effect 
of ULS and thiazone-PEG 400 on human skin optical 
clearing in  vivo. Photochem Photobiol 86(3): 
732–737

J.J. Escobar-Chávez et al.



Part II

Iontophoresis in Penetration Enhancement



61© Springer-Verlag Berlin Heidelberg 2017 
N. Dragicevic, H.I. Maibach (eds.), Percutaneous Penetration Enhancers  
Physical Methods in Penetration Enhancement, DOI 10.1007/978-3-662-53273-7_4
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4.1	 �Introduction

Iontophoresis involves the application of an 
electric field to facilitate the transfer of ions into 
or through biological tissues (Kalia et al. 2004). 
Transport is determined by the duration, inten-
sity, and profile of the applied current and on the 
contact area of current application. Hence, modu-
lation of the current profile provides a simple and 
convenient method to control drug delivery kinet-
ics. The majority of iontophoretic studies have 
focused on its use to improve drug transport into 
and across the skin and also to expand the range 
of drugs that can be administered by this route – 
but it can also be used to enhance delivery across 
other biological membranes. Since iontophoretic 
current flow depends on the movement of ions, it 
is ideal for the delivery of molecules with physi-
cochemical properties that make them unsuitable 
for passive transdermal administration. Thus, 
water-soluble hydrophilic/charged molecules 
with little affinity for lipids – poor candidates for 
passive delivery  – are ideally suited to electri-
cally assisted transport across the skin as they 
should have good electric mobility.

In simple terms, an iontophoretic device con-
sists of a microprocessor/power source and two 
electrode compartments (Fig.  4.1), one for the 
anode and the other for the cathode. The “active” 
electrode is placed in the compartment contain-
ing the drug formulation, and the circuit is com-
pleted by the return electrode placed at an 
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adjacent area on the skin. The “active” electrode 
can be considered as bearing the same charge as 
the drug; for example, a positively charged drug 
is placed in the anodal compartment, which 
serves as the “active” electrode, and the cathode 
assumes the role of the return electrode. In the 
presence of the electric field, cations move from 
the anode toward the skin (similarly, anions leave 
the cathode); at the same time, endogenous ions 
move from the skin toward the oppositely charged 
electrode. This ordered movement of ions to and 
from the active and return electrode compart-
ments is called electromigration (EM) and is the 
principal electrotransport mechanism responsible 
for enhancement of drug delivery to the skin. 
However, the skin has an isoelectric point (pI) of 
~4–4.5, meaning that under physiological condi-
tions it is negatively charged and favors cation 
transport and as such it is said to act as a cation-
selective membrane. This “permselectivity” 
results in a convective solvent flow in the anode 
to cathode direction (Pikal and Shah 1990a, b; 
Pikal 1990; Pikal 1992), which sets up a second 
electrotransport mechanism  – electroosmosis 
(EO) – that can be used to deliver uncharged mol-
ecules from the anode and extract endogenous 
neutral species at the cathode. Cations iontopho-
resed from the anode benefit from both EM and 
EO, and their relative contribution depends on 

the molecular properties and the formulation 
conditions. In contrast, anion electromigration 
from the cathode is opposed by the convective 
solvent flow.

4.2	 �Chronology: From First 
Reports to Recent 
Discoveries

The use of electricity in therapy dates back to the 
ancient Greeks who used electrical shocks from 
torpedo rays (Banga and Chien 1988). References 
to the use of a galvanic current for drug delivery 
date back to the mid-eighteenth century, while in 
the nineteenth century, there were numerous 
attempts to deliver metal ions and alkaloids into the 
skin (Helmstadter 2001). One of the first reports 
proving that an electric current could drive mole-
cules across the skin came from the French physi-
cian Stéphane Leduc in 1900. In a classic series of 
experiments in rabbits, he demonstrated that cat-
ionic strychnine (present as a solution of strychnine 
sulfate) was transported from the anode, whereas 
negatively charged cyanide ions (present as a solu-
tion of potassium cyanide) were transported from 
the cathode (Banga and Chien 1988).

Since then, the electrotransport of numerous 
molecules with diverse clinical applications has 

Power supply

CathodeAnode

D+ N

EOEM EM
EO

Biological membrane (pH> pI)

CO2- CO2- CO2-

CO2-

CO2

CO
2 -

D-

Fig. 4.1  Schematic 
representation of 
iontophoresis. D is the 
drug, which can be 
either positively (D+) or 
negatively (D−) 
charged. N represents a 
neutral molecule. EM is 
the electromigration 
and EO the 
electroosmosis
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been investigated (Kalia et  al. 2004). Recent 
examples include topical delivery of cosmeceuti-
cals and therapeutic agents for dermatological 
conditions (e.g., sodium ascorbyl phosphate, 
sodium dexamethasone phosphate, or valaciclo-
vir) and the administration of molecules with 
systemic effect (e.g., granisetron or ranitidine) 
(Abla et al. 2006; Marra et al. 2008; Taveira et al. 
2009; Cazares-Delgadillo et al. 2010a, b; Dubey 
et  al. 2011; Djabri et  al. 2012; Gratieri et  al. 
2012). In addition to the generally recognized 
advantages of the patient-friendly transdermal 
route, iontophoresis enables an almost unique 
level of control over drug input kinetics. Drug 
concentrations in the plasma are determined by 
the intensity and duration of the applied current 
profile and can be easily modified; the additional 
driving force (i.e., the potential gradient) also 
enables therapeutic drug concentrations to be 
reached more quickly and hence reduces the time 
required for the onset of pharmacological action. 
Moreover, as the molecules normally selected for 
delivery by iontophoresis do not permeate pas-
sively across the skin, cessation of the electric 
current will terminate drug transport unless a 
drug depot is formed in the stratum corneum 
(Cazares-Delgadillo et al. 2010c).

The ability of the applied current profile to 
exert tight control over drug concentrations in the 
blood was highlighted in an investigation into the 
transdermal iontophoretic delivery kinetics of 
zolmitriptan – used for the treatment of migraine – 
from an iontophoretic patch system in Yorkshire 
swine in vivo, drugs levels closely followed the 
variations in the applied current, and the drug 
was detected in the blood after only 2.5  min 
(Patel et  al. 2009). This tight control of dosing 
and input kinetics also allows therapies to be tai-
lored to meet individual patient needs.

In addition, the iontophoretic current can be 
used to enable delivery kinetics that mimic the 
physiological secretion release profiles of endog-
enous molecules. This is of particular relevance 
for the use of peptides and proteins as therapeutic 
drugs; the skin represents a significantly less 
challenging enzymatic barrier than the oral route 
even though it does contain metabolizing 
enzymes (Zhang et al. 2009). Until recently, there 

was a general consensus that drug candidates for 
iontophoresis would have to be small hydrophilic 
molecules (<500 Da) or, at best, cationic peptides 
that could benefit from EO for delivery into the 
skin under physiological conditions (Guy et  al. 
2000). However, recent studies demonstrating the 
electrotransport of proteins are helping to expand 
the range of applications of this technology 
(Cazares-Delgadillo et al. 2007; Dubey and Kalia 
2010, 2011; Dubey et al. 2011). In 2007, it was 
shown that it was possible to deliver cytochrome 
c, a 12.4 kDa protein, noninvasively across intact 
skin and that EM was the dominant mechanism 
accounting for 90 % of transport (Cazares-
Delgadillo et al. 2007). Subsequently, ribonucle-
ase A (13.6 kDa with a pI of 8.64) was successfully 
delivered across porcine and human skin demon-
strating that, in addition to structural integrity, 
biological activity was also retained post-
iontophoresis (Dubey and Kalia 2010). More 
recently, it was shown that transdermal iontopho-
resis was also able to deliver (i) a biologically 
active negatively charged protein (ribonuclease 
T1; 11.1 kDa and a pI of 4.27) (Dubey and Kalia 
2011) and (ii) biologically active human basic 
fibroblast growth factor (17.4 kDa), in therapeuti-
cally relevant amounts (Dubey et al. 2011). These 
results demonstrate that it is possible to adminis-
ter complex biomolecules noninvasively across 
the skin.

4.3	 �Application Sites Other 
than the Skin

Iontophoretic transport across several other bio-
logical tissues has been investigated for either 
local or systemic delivery, e.g., the buccal 
(Campisi et al. 2010) and nasal mucosae (Lerner 
et al. 2004), the sclera (Chopra et al. 2010), the 
cornea (Vaka et al. 2008), and the nail (Delgado-
Charro 2012; Nair et al. 2009). The only physical 
requirement is that the drug formulation and the 
electrodes can be correctly positioned and that 
electrical contact is maintained throughout the 
current application period. The risk of irritation 
at the site of application is decreased by the use 
of low current densities. The maximal current 

4  Iontophoresis: Basic Principles



64

supported by each tissue depends on the resis-
tance of the tissue to current flow, given by Ohm’s 
law (Eq. 4.1):

	 I V R= / 	 (4.1)

where I is the current applied through the tissue 
in amperes, V is the potential difference mea-
sured across the tissue in volts, and R is the resis-
tance of the tissue in ohms. Tissues with greater 
aqueous content such as the sclera and the cornea 
offer a lower resistance to current flow, and 
higher current densities can be applied using 
lower potential differences; less heat is gener-
ated, and this reduces the risk of irritation or pain 
as compared to other less conductive tissues, with 
more lipophilic character, such as the skin. In 
fact, while the maximum current density gener-
ally applied on the skin is 0.5 mA/cm2 (Ledger 
1992), tolerability studies in humans showed the 
maximum current density tolerated by the sclera 
was 5.5 mA/cm2 applied for 20 min or half this 
current density applied for double the time (i.e., 
40  min) (Parkinson et  al. 2003). Nevertheless, 
factors such as application time and surface area 
along with current density need clinical evalua-
tion for each protocol to optimize the treatment 
efficiency and safety.

�Conclusion

Our understanding of iontophoretic drug 
delivery has improved considerably since it 
was first reported more than 100 years ago. 
However, it is only in the last decade that the 
FDA has approved prefilled commercial ion-
tophoretic patch systems and only in the past 
5 years that we have seen the feasibility of 
delivering biologically active proteins nonin-
vasively across the skin. As the technologies 
involved in making transdermal iontophoretic 
systems progress, this should open the door to 
new opportunities for development. In paral-
lel, studies exploring electrically assisted 
delivery across other biological tissue also 
provide new therapeutic applications of the 
technology. Recent studies indicate that ion-
tophoresis is a promising strategy for deliver-
ing both small and high molecular weight 
molecules, e.g., antibodies, noninvasively to 

the eye through the sclera (Chopra et  al. 
2010). This was clearly demonstrated by 
in  vitro experiments investigating the ionto-
phoretic delivery of bevacizumab (Avastin®, 
Genentech, Inc., CA, USA) using human 
sclera as the barrier and a current density of 
3.8 mA/cm2; current application resulted in a 
7.5-fold enhancement in delivery. 
Bevacizumab is a recombinant humanized 
monoclonal antibody used in ophthalmology 
(off-label) for the treatment of neovascular-
ization in diseases such as diabetic retinopa-
thy and age-related macular degeneration 
(wet form). As it is currently administered by 
repeated intravitreal injection, which can 
cause severe complications, noninvasive 
administration by iontophoresis could 
improve compliance and efficacy (Pescina 
et al. 2010).

The next two chapters will provide a more 
in-depth review of iontophoresis. The first 
presents the basic concepts, transport mecha-
nisms, and the parameters affecting electri-
cally assisted drug delivery. The second is 
dedicated to practical applications.
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Iontophoretic Transport 
Mechanisms and Factors Affecting 
Electrically Assisted Delivery

Taís Gratieri and Yogeshvar N. Kalia

5.1	 �Introduction

Molecular transport during iontophoresis can be 
attributed to three component mechanisms: 
passive diffusion, electromigration (EM), and 
convective solvent flow, also called electroos-
mosis (EO). In physical terms, the flux of a mol-
ecule, Ji, across the skin, in the presence of an 
applied electric field, E, depends on both the 
concentration and potential gradients and can be 
described by a modified form of the Nernst-
Planck equation that also takes into account the 
convective solvent flow (Pikal 2001) when an 
electric potential is applied to a membrane that 
contains fixed negative charges (e.g., the skin 
with isoelectric point (pI) of ~4–4.5 (Marro 
et  al. 2001a)) (Srinivasan and Higuchi 1990; 
Kasting 1992):
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where Di, ci, and ui are the diffusion coefficient, 
concentration, and electrical mobility of ion i and 
vw represents the linear velocity of the convective 
solvent flow (Gratieri and Kalia 2013). The diffu-
sion coefficient and the electric mobility are 
related by the Nernst-Einstein equation:
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Thus, the electric mobility represents an 
“ordered” diffusion dictated by the electric field – 
it competes against thermal disordering (RT term 
in the denominator) which will act to decrease its 
magnitude. It is clear that the higher the valence 
(zi), the higher is the electrical mobility. For 
charged molecules, passive diffusion across the 
stratum corneum is limited or negligible, mean-
ing that molecular transport during iontophoresis 
is attributed to EM and EO – their relative contri-
butions depending on the experimental condi-
tions and the physicochemical properties of the 
molecule (Gratieri and Kalia 2013).

The penetration pathways of such charged 
molecules during iontophoresis may also be dif-
ferent from those during passive diffusion. 
Instead of following the tortuous intercellular 
lipid pathway between the corneocytes, it has 
been suggested that under the influence of an 
electric current, ions will follow the path of the 
least electrical resistance, e.g., they will 

preferentially take the appendageal pathways 
(i.e., hair follicles, sweat glands) (Cullander and 
Guy 1991). However, in addition to transport via 
these “shunt” pathways, structural changes in the 
membrane, which may correspond to transient 
reorientation of SC proteins and lipids in the 
presence of the electric field, may also facilitate 
ion transport (Jadoul et al. 1999). Lipids and pro-
teins have dipole moments and will align them-
selves to the direction of the applied electric field. 
The reorientation of these SC components under 
the influence of the electric field may result in the 
formation of transient conduction pathways 
(“pores”) in the bulk SC (Gratieri and Kalia 
2013). Therefore, although the appendageal 
structures are probably involved in iontophoretic 
transport, smaller negatively charged (given the 
skin’s permselectivity at physiological pH) tran-
sient “nano-pores” with estimated pore radii of 
~20  nm may also be present (Aguilella et  al. 
1994) (Fig. 5.1).
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Fig. 5.1  Schematic representation of iontophoresis 
including the representation of transient pores created in 
the skin during current application. Under the influence of 
the applied field, it is envisaged that ions electromigrate 
through these pores – the presence of the fixed negative 

charges in the pore walls gives rise to electroosmotic phe-
nomena (Pikal 1990). (Modified from (Gratieri and Kalia 
2013). D is the drug, which can be either positively (D+) or 
negatively (D−) charged. N represents a neutral molecule. 
EM is the electromigration and EO the electroosmosis)
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5.2	 �Factors Influencing Electrically 
Assisted Drug Delivery

5.2.1	 �Current Density

Electromigration refers to the ordered movement 
of the ions in the presence of the applied electric 
field in a process that can be described by 
Faraday’s law (Phipps et  al. 1989; Phipps and 
Gyory 1992; Sage and Riviere 1992; Delgado-
Charro and Guy 2001; Kalia et al. 2004):
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where I is the applied current (amperes); tD is the 
transport number of the drug; A is the cross-
sectional area through which transport occurs; F 
is the Faraday constant (Coulombs/mole); and zD 
is the drug valence.

It is evident from the equation that the applied 
current (I) is a parameter that can directly affect 
the rate and extent of drug delivery. The introduc-
tion of the second driving force – the electrical 
potential gradient – in addition to the concentra-
tion gradient across the skin (Gratieri and Kalia 
2013), means that drug delivery is enhanced, and 
the flux can be strictly correlated with duration, 
intensity, and profile of current application. As 
such, complex drug delivery kinetics  – deter-
mined solely by the current profile – are feasible. 
This was demonstrated in studies carried out in 
Yorkshire swine investigating the feasibility of 
delivering zolmitriptan (MW 287.4  Da)  – used 
for the treatment of migraine. An iontophoretic 
patch system and a complex multistep current 
profile were used. The study showed that the drug 
levels in the blood (7.1 ± 1.7 and 11.9 ± 2.0 ng/ml 
at t = 30 and t = 40 min, respectively) closely fol-
lowed the variations in the applied current (four-
step profile with current intensities ranging from 
0.35 to 0.05 mA/cm2) (Patel et al. 2009).

Many other studies have demonstrated that the 
iontophoretic flux of a drug can be enhanced by 
increasing the applied current (Green et al. 1992; 
Lau et  al. 1994; Abla et  al. 2005; Panzade et  al. 
2012); linear correlations between flux and current 
density have been reported either small molecules 

as thyrotropin (362  Da) (Burnette and Marrero 
1986) or for larger molecules, e.g., triptorelin 
(1311.5 Da) (Schuetz et al. 2005). In this way, the 
modulation of the applied current and the patch 
size enables easy individualization of therapy 
(Djabri et al. 2012a). This was recently observed 
with rasagiline (RAS) and selegiline (SEL), which 
are dose-dependent selective irreversible inhibitors 
of monoamine oxidase B (MAO-B), with therapeu-
tic applications for the treatment of Parkinson’s 
disease and in the treatment of major depressive 
disorder (Kalaria et al. 2012). Permeation experi-
ments performed across porcine and human skin 
in  vitro demonstrated that while passive delivery 
from aqueous solution was minimal, drug delivery 
was directly correlated with current density 
(Id = 0.15, 0.3, and 0.5 mA/cm2) producing a linear 
increase in steady-state iontophoretic flux (Jss, 
RAS = 49.1 Id + 27.9 (r2 = 0.96) and Jss, SEL = 27.8 
id + 25.8 (r2 = 0.98)). Drug extraction from the skin 
showed that there was also a statistically significant 
increase in the amounts of RAS and SEL retained 
within the membrane as a function of current den-
sity (Fig. 5.2).

However, straightforward linear correlations 
are not always observed. For example, a poor 
correlation was observed between 9-desglycinam
ide-8-arginine-vasopressin (DGAVP) flux and 
applied current; a more than sixfold increment in 
current density did not even double the flux 
(Craanevanhinsberg et al. 1994).

It is also evident from Eq.  5.3 that a drug’s 
transport number influences the electromigration 
efficiency. This parameter is related to the ability 
of the drug to function as a charge carrier, and the 
transport number represents the fraction of the 
total charge carried by each species (0 < tD < 1) 
(Mudry et  al. 2006a, b, c). It depends on how 
drug concentration, mobility, and valence com-
pare with those of the other ions present in the 
pharmaceutical formulation (buffering agents, 
viscosity modifiers, and preservatives) generated 
by electrode reactions and present in the skin 
(Mudry et al. 2006a). Specifically,
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where Id is the applied current density (= I/A) 
and zD, uD, and cD refer to the charge, mobility, 
and concentration of the drug in the mem-
brane, respectively; the denominator is the 
sum of the products of these parameters for 
each ion in the system contributing to charge 
transfer across the membrane (Kalia et  al. 
2004; Kasting and Keister 1989). It is obvious 
that the presence of endogenous competing 

counterions decreases the iontophoretic trans-
port of the drug.

5.2.2	 �Formulation

5.2.2.1	 �Drug Concentration
Drug concentration is a commonly studied exper-
imental parameter in iontophoretic experiments, 
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Fig. 5.2  Total delivery (cumulative permeation + skin 
deposition) and steady state flux (Jtot) of (a) RAS (20 mM) 
and (b) SEL (20  mM) as a function of current density  

(at 0.15, 0.3, and 0.5 mA/cm2) across porcine skin after 7 h 
of transdermal iontophoresis (mean ± SD; n ≥ 5). (Adapted 
and reproduced with permission from Kalaria et al. 2012)
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as it might be envisaged that an increase in the 
amount of drug in the formulation would result in 
increased drug delivery. However, linear correla-
tions are not always encountered, and behavior is 
complicated by drug-membrane interactions. For 
certain molecules, the flux-concentration profiles 
reach a plateau above which further increases in 
concentration have only a limited or negligible 
effect on flux.

A key factor is the presence or absence of com-
peting ions (Kasting and Keister 1989). Studies 
have described the use of a salt bridge to eliminate 
the presence of competing cations in the donor 
compartment rendering delivery independent of 
drug concentration. For example, it was observed 
that cumulative permeation of RAS after ionto-
phoresis for 7 h using a salt bridge at 0.5 mA/cm2 
was independent of drug concentration. For the 
three concentrations studied (10, 20 and 40 mM), 
the cumulative permeation was statistically equiv-
alent (1200.4 ± 154.6, 1262.6 ± 125.0 and 
1321.5 ± 335.2  μg/cm2, respectively); similar 
behavior was observed for SEL (the correspond-
ing values were 748.3 ± 115.2, 848.8 ± 108.3, and 
859.8 ± 230.1 μg/cm2, respectively) (Kalaria et al. 
2012). Although the use of salt bridges precluded 
the presence of competing cations in the donor 
compartment, chloride ions present in the recep-
tor were the principal charge carrier due to their 
high mobility and concentration as they migrated 

across the skin toward the anode – as would be the 
case in vivo (Kalaria et al. 2012).

In cases where a salt bridge is not used, Eq. 5.4 
suggests that the increase of the drug concentra-
tion, or drug molar fraction, should enhance the 
transdermal flux via an increase in tD, therefore, 
increasing EM. This was recently demonstrated 
with the cathodal iontophoresis of phenobarbital 
in vitro across porcine skin. The results showed 
that drug fluxes were inversely related to the Cl- 
concentration present in the donor solution after 
5  h of current application (0.5  mA/cm2) 
(Fig. 5.3a). Therefore, the lower the co-ion con-
centration, the greater the drug molar fraction in 
the vehicle and the greater the drug transport 
number in a linearly proportional manner 
(r2 ≈ 0.80) (Fig. 5.3b) (Djabri et al. 2012b).

It may also be assumed that an increase in 
drug concentration would result in an increased 
EO flux, according to Eq. 5.5, which expresses 
the EO drug flux:

	 J v cEO w D= . 	 (5.5)

where vw is the electroosmotic solvent flow, and 
cD is the concentration of the drug in the vehicle 
(Pikal 1992). This should have a direct impact on 
the delivery of positively charged and neutral 
molecules. However, the real situation may be far 
more complex than the cited equations suggest, 
as other factors may be involved: not only the 
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Fig. 5.3  Cathodal delivery of phenobarbital from dif-
ferent donor solutions (pH  7.4) containing various 
amounts of competing co-ions. (a) Flux values 
(mean ± SD) determined after 5 h of iontophoresis  
(0.4 mA). (b) Transport number of phenobarbital (tPHEN, 
mean ± SD) as a function of molar fraction (XPHEN). 
Values of the latter parameter were calculated from the 
concentrations of phenobarbital, HEPES, and chloride. 

The sources of Cl−included NaCl (used as background 
electrolyte), HCl (used to adjust the donor solution pH), 
and the electrode electrochemical reaction. The dashed 
line is the linear regression through all data points 
except those obtained with HEPES: tPHEN = 0.002 
(±0.001) + 0.033 (±0.002) XPHEN (r2 > 0.8). Adapted 
and reproduced with permission from Djabri et  al. 
(2012b)

5  Iontophoretic Transport Mechanisms and Factors Affecting Electrically Assisted Delivery



72

existence of competing ions, as mentioned 
before, but also the effect of drug physicochemi-
cal properties and their impact on the ability of 
the molecule to interact with structures along the 
iontophoretic transport pathway.

Studying the anodal iontophoresis of granisetron 
(GST; MW: 348.9, pKa 9.4) across porcine skin 
in vitro, it was demonstrated that cumulative deliv-
ery from 5 to 10  mM solutions was statistically 
equivalent; however, statistically significant 
increases were seen when drug concentration was 
raised to 20 or 40 mM (Cazares-Delgadillo et al. 
2010). The reduced delivery efficiency at lower 
concentrations could be explained by the presence 
of Na+ in the formulation, which possesses higher 
mobility than granisetron, effectively negating the 
effect of any increase in formulation concentration 
(Kasting 1992). As the formulation pH (6.6–6.8) 
was higher than the skin’s pI, there was an EO con-
tribution to delivery. However, co-iontophoresis of 
acetaminophen, a neutral molecule used to report 
on convective solvent flow, showed that EM was 
the predominant transport mechanism accounting 
for 71–86 % of total granisetron delivery. It was 
also observed that a fourfold increase in granise-
tron concentration from 10 to 40 mM resulted in a 
twofold reduction in acetaminophen permeation 
indicating that skin permselectivity was decreased 
(Cazares-Delgadillo et al. 2010). As for other lipo-
philic cations, including the peptides, leuprolide, 
and nafarelin, it is likely that the positively charged 
molecules were bound to skin structures along the 
iontophoretic transport pathway neutralizing the 
intrinsic negative charges, thereby reducing the 
volume of solvent flow (Lu et al. 1993; Delgado-
Charro and Guy 1994; Hoogstraate et  al. 1994; 
Delgado-Charro and Guy 1995; Delgado-Charro 
et al. 1995; Hirvonen et al. 1996; Rodriguez Bayon 
and Guy 1996; Hirvonen and Guy 1997; Nair and 
Panchagnula 2003). In these cases, the impact on 
drug delivery can depend on the relative contribu-
tion of EM and EO to the iontophoretic transport of 
the molecule in question (Hirvonen and Guy 1997; 
Marro et al. 2001b).

5.2.2.2	 �pH
In principle, the ionization state of the skin will 
determine the EO solvent flow, and in  vitro 
studies have tried to use modification of 

formulation pH as a means to change skin 
pH.  However, this is a strategy more suited to 
enhancing the ionization state of the drug and so 
affects mobility and hence EM, since manipula-
tion of skin ionization state is rather more diffi-
cult to achieve in vivo due to the skin’s intrinsic 
buffering capacity (Levin and Maibach 2008). 
Although modulation of formulation pH can cer-
tainly be used to improve transport, in practice, 
extreme pH values need to be avoided to prevent 
irritation or chemical burns. Acceptable pH val-
ues for skin application have a mildly acidic to 
neutral pH (5–7.4).

Acyclovir, for example, is an antiviral agent 
used in the treatment of cutaneous viral infections 
caused by herpes simplex virus (HSV-1). Although 
it is a small molecule (225.20 Da), it is unable to 
diffuse efficiently through the SC and subse-
quently enter into the basal epidermis, where viral 
replication occurs. In order to enhance the perme-
ation of this molecule, iontophoresis has been 
applied by many authors (Volpato et  al. 1995; 
Volpato et  al. 1998; de Jalon et  al. 2001; Stagni 
et al. 2004; Padula et al. 2005; Morrel et al. 2006; 
Shukla et al. 2009; Siddoju et al. 2011). However, 
it has been shown that at pH 7.4, the amount of 
drug recovered in the stratum corneum and epider-
mis after iontophoresis was similar to that obtained 
after passive diffusion (Volpato et al. 1998). This is 
because acyclovir is essentially uncharged at phys-
iological pH (pKa1 2.27; pKa2 9.25); hence EO is 
the only enhancing mechanism. However, even 
delivery by EO is compromised due to its low 
aqueous solubility (1.3 mg/ml at pH 7.4, 25 °C). 
For this reason, other studies employed formula-
tions with extreme pH to have the drug molecule 
in an ionized state (Fig. 5.4). For example, after 
10 min cathodal iontophoresis of acyclovir gel at 
pH 11 to hairless rats in vivo, fourfold more ACV 
was detected in the SC as compared with passive 
delivery (30.70 ± 4.83 and 7.83 ± 1.59  μg/cm2, 
respectively) (Siddoju et  al. 2011). Improved 
delivery to the dermis was observed in rabbits 
in vivo after 1 h of cathodal iontophoresis at pH 11 
(Shukla et  al. 2009). However, although the 
authors reported there were no additional signs of 
skin irritation on the conditions used, it is rather 
implausible that a formulation with such an irritant 
pH can be of practical use.
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5.2.3	 �Delivery System

The iontophoretic delivery system comprises a 
microprocessor/power source and two electrode 
compartments. The “active” electrode contains 
the drug formulation, and the circuit is completed 
by the return electrode placed at an adjacent area 
on the skin. The system design may have an 
impact on patient compliance and hence on the 
efficiency of the treatment. However, the formu-
lation and the electrodes may also affect drug 
delivery rates and safety.

The ideal formulation for iontophoretic appli-
cation would be easy to apply, have good electri-
cal conductivity, have good bioadhesion avoiding 
leakage, be compatible with the electrodes and 
the device, promote high drug stability, not be 
irritant to the skin, and not contain competing 
ions. In this way, hydrogels have been proposed 
as base formulations for iontophoretic delivery 
because of the high water content and conse-
quent good electrical conductivity (Fang et  al. 
1999; Fang et al. 2001; Fang et al. 2002; Merclin 
et  al. 2004; Jyoung et  al. 2009; Taveira et  al. 
2009) but also because of their adhesiveness and 
biocompatibility (Alvarez-Figueroa and Blanco-
Mendez 2001; Haak et  al. 1994). However, in 
some cases anti-adherent hydrogel films that 
could be easily removed might be desirable. 
Such a formulation, composed of the polyelec-
trolyte poly(methyl vinyl ether-co-maleic acid) 
cross-linked in a 2:1 ratio with PEG 10,000, was 
investigated as a potential rapid photodynamic 
antimicrobial chemotherapy treatment for 

infected wounds using iontophoresis for the 
delivery of the photosensitizers meso-Tetra 
(N-methyl-4-pyridyl) porphine tetra tosylate 
(TMP), methylene blue (MB), and TMP with 
sodium dodecyl sulfate. The study demonstrated 
that formulation properties such as hydrogel 
hardness, compressibility, adhesiveness, and 
ionic conductivity could be influenced by the 
concentration of a component in the formula-
tion. The authors concluded that hydrogels pre-
pared from aqueous blends containing 10 % of 
the polymer loaded with TMP or MB were the 
most flexible (should conform most easily to 
wounds), least adhesive (reducing the potential 
trauma to the wound upon removal), and released 
the greatest amount of photosensitizer (ensuring 
the greatest extent of microbial kill in the wound) 
(Fallows et  al. 2012). Indeed, studies demon-
strate that network structure and composition 
can be manipulated to influence the permeation 
and diffusion characteristics of a drug within the 
hydrogel (Banga and Chien 1993), changes that 
should take into account the charge of both the 
polymer and the drug. Normally, drug release is 
reduced when the molecule has the opposite 
charge to the polymer and favored when they 
have the same charge (Tatavarti et al. 2004).

To improve iontophoretic delivery efficiency, 
the use of ion-exchange materials, such as ion-
exchange membrane, has been proposed (Patel 
et al. 2007; Patel et al. 2009; Xu et al. 2009). The 
membranes used should have the opposite charge 
to that of the ionized drug, and when placed 
between the skin and the donor electrode, they 
would hinder the migration of competing coun-
terions, selectively enhancing drug transport 
across the skin (Xu et al. 2009). A recent study 
showed that the use of drug in a complex with 
ion-exchange fibers might be more promising 
than the use of ion-exchange membranes. It was 
observed that when cathodal iontophoresis of 
diclofenac across rat skin in vitro and in vivo was 
carried out, drug bound to ion-exchange fibers 
with an ionic bond had a higher transference 
number than those having the drug bound to other 
ion-exchange materials or simply in solution 
(Che et al. 2012). Further studies with other mol-
ecules should be performed to confirm the prom-
ising results. As the field is constantly evolving, 
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novel ion-exchange materials with higher 
efficiency on enhancing drug permeation may 
also be developed in the future.

�Conclusion

The work performed to date using many dif-
ferent molecules has given us a better under-
standing of the advantages and limitations of 
the technique and the principal factors that 
impact on its efficiency. Analysis of the 
molecular properties is a first step in trying to 
predict feasibility of drug delivery and in iden-
tifying which parameters might affect trans-
port rates. First, if it is positively charged, the 
relative contributions of EM and EO to the 
total flux need to be determined. If EO plays 
an important role, conditions that might 
reduce interactions with the skin penetration 
pathway should be used. If EM is the main 
transport mechanism, the pH should prefera-
bly favor drug ionization. Second, the impact 
of drug concentration in the formulation and 
current density must be evaluated since these 
would help to determine the treatment condi-
tions; if the amount of compound delivered is 
directly proportional to the applied current or 
concentration, the duration of current applica-
tion and the area of the skin surface in contact 
with the active electrode compartment can be 
calculated to deliver a specific dose of the 
drug molecule. In this way, it is possible to 
control drug delivery kinetics and allow indi-
vidualization of the therapy. Although a better 
understanding of iontophoretic transport 
mechanisms is essential, it must be accompa-
nied by progress in the enabling technologies 
required to develop iontophoretic patch sys-
tems. Only then will it be possible to create 
the patient-friendly, safe therapeutic systems 
that will enable the clinical applications 
described in the next chapter to be realized.
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6.1	 �Rationale and Feasibility 
of Iontophoretic Drug 
Delivery

Transdermal drug delivery either by passive or 
iontophoretic means is indicated for drugs whose 
oral bioavailability is severely affected by first-
pass effect. Avoidance of either enteric or hepatic 
metabolism allows dose reduction in some cases 
such as oestradiol and selegiline (Delgado-
Charro and Guy 2001a; Azzaro et  al. 2007), 
attaining a better drug/metabolite ratio. 
Transdermal administration is also convenient 
when oral absorption is erratic or low, for exam-
ple, in patients suffering from nausea, diarrhoea 
or irregular gastrointestinal transit (Parkinson’s 
disease). In the case of topical administration, 
both modes of delivery allow targeting the drug 
locally and minimizing systemic side effects and 
drug interactions.

With respect to passive diffusion, iontophore-
sis expands the range of drugs administrable via 
the transdermal and topical routes to include 
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some compounds with low passive permeability 
such as polar and charged compounds, i.e. those 
with a relatively high molecular weight and/or 
low partition coefficient (Kalia et  al. 2004; 
Delgado-Charro 2009). Therefore, the physico-
chemical properties of the drug should be care-
fully considered before adopting a passive or an 
iontophoretic administration. Specifically, an 
ideal candidate for iontophoretic delivery will 
have sufficient aqueous solubility and electrical 
mobility to be delivered by electromigration with 
an optimum transport number (Phipps and Gyory 
1992; Sage and Riviere 1992). The ionization 
properties of the drug are crucial, more precisely 
a pKa allowing sufficient ionization and charge/
mass ratio at an acceptable pH (Nangia et  al. 
1996; Berner et al. 1988). Salts are typically pre-
ferred, and, in the case of cationic compounds, 
chloride salts will provide the chloride ions 
required for the Ag/AgCl anode electrochemistry 
without the need of additional competing salts 
(Scott et  al. 2000). In the case of neutral, 
zwitterionic drugs to be delivered by electro-
osmosis, good solubility is essential to maximize 
the drug concentration in the vehicle.

Concerning the therapeutic needs and phar-
macokinetic properties of the drug, iontophoresis 
is particularly advantageous when there is a need 
for fast and pulsatile administration and individu-
alized titrated doses or, as mentioned before, 
when oral absorption is erratic. It is not surpris-
ing therefore that iontophoretic applications have 
been found for hormonal therapy (LHRH ana-
logues and fertility treatment); for Parkinson’s 
disease, migraine treatment (ZecuityTM, NuPathe 
Inc., USA) and antiemetic drugs; and for self-
administered pain therapy (Ionsys®  – fentanyl, 
Alza Corporation, USA) (Kalia et  al. 2004; 
Delgado-Charro 2009).

Iontophoresis has been used primarily for 
drugs, the passive diffusion of which is very low, 
but this is not necessarily the case. For example, 
nicotine passive patches are widely available in 
the market, yet nicotine iontophoresis was inves-
tigated as a means to achieve a quick burst of the 
drug comparable to that provided by cigarettes 
(Brand and Guy 1995).

Additionally, in the case of topical 
administration, iontophoresis may be useful to 
target actives to hair follicles and sweat glands 
(Gelfuso et al. 2013). Skin appendages constitute 
a significant pathway for drugs transported both 
by electro-osmosis and electrorepulsion which, a 
priori, could favour active accumulation in these 
structures (Bath et al. 2000b, a; Scott et al. 1995; 
Turner and Guy 1997, 1998). Iontophoresis is 
also useful for providing a faster response, as 
shown by the earlier onset of local anaesthesia 
observed with lidocaine iontophoresis (Galinkin 
et al. 2002; Kearns et al. 2003; Rose et al. 2002; 
Squire et  al. 2000) as compared to passive 
administration.

Finally, it has been shown that iontophoretic 
transport, at least the electrorepulsion contribu-
tion, is less dependent on the skin properties 
than passive diffusion. This is because transport 
numbers are primarily determined by the con-
centration and mobility of ions present in the 
system (Phipps and Gyory 1992; Berner et  al. 
1988; Mudry et al. 2006b, 2007). For example, 
the interspecies differences observed for the 
iontophoretic fluxes of some compounds were 
smaller than those observed in their passive dif-
fusion; this feature helps data extrapolation 
(Mudry et  al. 2006a; Phipps et  al. 1989; 
Padmanabhan et  al. 1990). Further, the ionto-
phoretic flux of lidocaine HCl was practically 
the same across intact and tape-stripped skin 
(Sekkat et al. 2004). A priori, this data seems to 
support iontophoresis as a better (less variable) 
method to deliver drugs across barrier-deficient 
skin such as that of premature neonates, but cau-
tion should be exerted. At the end, the overall 
transdermal transport of a drug is the sum of the 
passive and iontophoretic contributions, and this 
advantage diminishes for compounds with a sig-
nificant passive flux as recently reported (Djabri 
et al. 2012).

Even though iontophoresis enhances signifi-
cantly the rate and extent of skin absorption of 
many drugs, it remains a technique to deliver 
relatively potent actives. Thus, careful consider-
ation should be given to both the dose required 
and the attainable transdermal fluxes. Indeed, 
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drug transport numbers (or fraction of the total 
charge transported by a specific ion during ionto-
phoresis) are limited by endogenous ion competi-
tion and will be less than 0.4 for most therapeutic 
entities (Phipps and Gyory 1992; Mudry et  al. 
2006a; b, 2007). For example, the maximum 
transport number (i.e. measured in the absence of 
competing co-ions) for lithium is ~0.54, with the 
remaining charge being transported by endoge-
nous, subdermal chloride ions. Lithium, a small 
inorganic cation, is very efficiently transported 
by iontophoresis, but this will not be the case for 
most therapeutic entities which typically have 
much smaller transport numbers. The maximum 
transport number for a series of cations (Mudry 
et  al. 2007) decreased rapidly with molecular 
weight, and in practical terms, drugs with maxi-
mum transport numbers closer to those of lido-
caine (~0.16) are considered as excellent 
candidates for iontophoresis. Therefore, the effi-
ciency of an iontophoretic delivery, as expressed 
in moles of drug transported with respect to total 
charge delivered, is relatively low. For instance, 
lidocaine will transport a maximum 16 % of the 
total charge delivered to the iontophoretic circuit, 
with the remaining 84 % being transported by 
endogenous chloride mostly. Addition of other 
competing co-ions (stabilizers, buffers, salt 
bridges) to the donor vehicle will further decrease 
the efficiency of iontophoretic delivery (Mudry 
et al. 2006b; Phipps and Gyory 1992).

It follows that measurement of the maximum 
transport number achievable for a drug, even if 
the experimental conditions required would not 
be applicable in practice, is a fast method to pre-
dict the feasibility of an iontophoretic transder-
mal administration. Provided that the average 
concentration required in plasma (Css) and the 
clearance of the drug (Cl) are known, Eq. 6.1 can 
be used to roughly estimate the intensity of cur-
rent required for providing the drug input 
(Jiontophoresis) which will match the elimination rate 
of the drug at the required concentration and will 
maintain a steady-state plasma concentration:

C J
I t

Z Fss × = =
×

×
Cl iontophoresis

required drug

drug

#.max,

	

(6.1)

where t#.max.drug; zdrug and F are the maximum 
transport number achievable for the drug, the 
valence of the drug and the Faraday constant, 
respectively. Alternatively, the input rate can be 
approximated from the daily dose. Please note 
that experimentally measured maximum trans-
port numbers will include both the electromigra-
tion and electro-osmotic contributions for a 
charged drug and are more correctly termed 
transference numbers. In the case of an uncharged 
drug, only transported by electro-osmosis, 
Eq. 6.2 can be modified to:

	
C J J Css × = = ×Cl iontophoresis solvent donor 	

(6.2)

where Jsolvent is the convective solvent flux and 
Cdonor is the drug concentration in the donor elec-
trode chamber. Please note that Jsolvent is normally 
proportional to the current intensity (Delgado-
Charro and Guy 2001b).

Once the intensity of current required is known, 
the current density (CD) resulting from such an 
administration can be determined using Eq. 6.3:

	
CD

Maximum area per electrode
required=
I

	
(6.3)

The maximum area per electrode will be that 
considered acceptable for the specific iontopho-
retic application and body site envisaged. Note 
that the total iontophoretic patch area would be, 
at least, double this value. Traditionally, the value 
of 0.4–0.5  mA.cm−2 has been considered as an 
upper limit for current density above in which 
sensations of tickling, warmth or discomfort 
experienced by the user become less tolerable 
(Ledger 1992). Figure  6.1 shows some simula-
tions illustrating the discussion above.

The previous method allows a quick estima-
tion of feasibility, that is, whether an iontopho-
retic administration merits further development. 
However, this method is primarily a steady-state 
calculation. Subsequent stages of the feasibility 
assessment should look into the kinetics of the 
process and the fact that iontophoretic fluxes 
require some time to reach steady values. The 
length of this time varies for different drugs and 
seems to be related to both the physicochemical 
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properties of the drug and the presence of 
endogenous ions within the skin (Phipps and 
Gyory 1992). Thus, a more realistic approach 
should consider the magnitude of fluxes achieved 
during the length of current passage envisaged. 
Some of these concerns have been addressed by 
Nugroho et al. (2004).

Finally, the dose delivered in an iontophoretic 
administration can be estimated through Eq. 6.4:

	
Dosedelivered application timeiontophoresis= ´J

	
(6.4)

Thus, at least theoretically, the same dose can be 
delivered by judicious manipulation of the appli-
cation time and the iontophoretic fluxes (the latter 
being typically modified by changing the intensity 
of current applied for the same iontophoretic vehi-
cle). This dosing flexibility is indeed an advantage 
of iontophoresis over other forms of controlled 
drug delivery. All the same, the concept of bio-
availability encompasses both the extent and rate 
of drug absorption, and therefore, to achieve thera-
peutic efficacy, both the amount of drug absorbed 
and the rate with which it is absorbed must be 
appropriate to the pharmacodynamics and phar-
macological properties of the drug.

6.2	 �Iontophoresis Drug Delivery 
for Local and Topical 
Therapies

The most widespread applications of iontophore-
sis are the treatment of palmoplantar hyperhidro-
sis and the diagnosis of cystic fibrosis. Other 

popular applications are the iontophoretic deliv-
ery of lidocaine, acyclovir and dexamethasone 
phosphate.

The treatment of palmoplantar hyperhidrosis 
is one of the oldest applications of iontophoresis 
(Kreyden 2004). Hyperhidrosis, an excessive rate 
of sweat secretion from the eccrine glands, is a 
disabling condition that affects both children and 
adults. Iontophoresis is one of the most effective, 
safest and inexpensive treatment options avail-
able. Although it has been applied for a long time 
in the treatment of this pathology, the mechanism 
of action of iontophoresis is unknown. Different 
options have been considered in the treatment of 
hyperhidrosis with iontophoresis, including the 
application of tap water, saline, botulinum toxin 
or anticholinergics. Anodal iontophoresis is more 
efficient than cathodal iontophoresis, and tap 
water is more effective than saline (Sato et  al. 
1993). Iontophoresis with anticholinergics is 
more effective than tap water iontophoresis, but 
may induce systemic side effects (Dolianitis et al. 
2004). The administration of botulinum toxin by 
iontophoresis (the dose was administered in one 
30-min session with a current intensity of 3 mA) 
has shown to reduce sweating more quickly and 
for a longer period than saline, without side 
effects (Davarian et  al. 2008). Potentially, the 
iontophoretic administration of this toxin would 
avoid the painful injections required to this day 
even though the duration of effect observed is 
shorter. The apparent success in delivering this 
large toxin could be related to the high density of 
sweat glands in the palms and the very high 
potency of this active.
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Fig. 6.1  Feasibility simulations in iontophoresis. Left 
panel: molar flux (μmol.h−1) achievable for model mon-
ovalent drugs for different transport numbers and intensity 
of current applied. Right panel: area per electrode (dashed 
lines, open symbols) and current intensity (solid lines, 

filled circles) required to deliver 10  mg of hypothetical 
monovalent drugs of 150 (squares), 300 (circles) and 450 
(triangles) molecular weight in 24 h. The current density 
was fixed at 0.4 mA.cm−2 (The data was generated using 
Faraday’s law (Eq. 6.1))
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Iontophoresis is an integral part of the method 
used to diagnose cystic fibrosis. The disease 
results from a mutation in the gene encoding the 
cystic fibrosis transmembrane conductance regu-
lator. Among other functional problems, this 
causes extensive dysfunction of the exocrine 
glands which constitutes the basis for the diagno-
sis of cystic fibrosis, basically a sweat test. First, 
pilocarpine is iontophoretically (5  min × 2.5–
3.0 mA) delivered to a small area of the arm or 
leg to stimulate sweating. The sweat is then col-
lected and analysed for volume and chloride con-
tent (Beauchamp and Lands 2005).

Delivery of topical anaesthetics prior to dermal 
surgery remains one of the most common applica-
tions of iontophoresis. The iontophoresis of hydro-
chloride salts of anaesthetics of the amide type, 
such as lidocaine (Maloney et al. 1992), bupiva-
caine, etidocaine, mepivacaine, prilocaine and 
ropivacaine, has been frequently reported 
(Brouneus et  al. 2001). Several studies demon-
strated that lidocaine iontophoresis and the eutec-
tic mixture of lidocaine and prilocaine (EMLA®, 
AstraZeneca PLC, UK) were of a similar efficacy 
in providing the analgesia necessary for cannula-
tion and CO2 laser surgery of superficial skin 
lesions (Phahonthep et  al. 2004; Galinkin et  al. 
2002). Purpose designed, disposable electrodes 
(Numby Stuff® from Iomed Clinical Systems, 
Salt Lake City, USA) containing lidocaine HCl 
and epinephrine were the first available to be used 
in combination with a Phoresor power supply. The 
Phoresor II Auto PM850 is a programmable, direct 
current delivery device which can apply up to 
4  mA and uses a 9-volt battery. Later on, the 
LidoSite® Topical System (lidocaine topical 
anaesthetic system) was developed by Vyteris, Inc. 
(Fair Lawn, NJ), and approved by the US FDA in 
2004. The LidoSite® was a small, easy-to-use, 
preprogrammed iontophoretic lidocaine delivery 
system composed of a drug-filled patch connected 
to a controller (Kalia et  al. 2004). Several trials 
have investigated the safety and effectiveness of 
lidocaine iontophoresis and compared it with 
either placebo or with EMLA cream in adults and 
children (Galinkin et al. 2002; Kearns et al. 2003; 
Rose et al. 2002; Squire et al. 2000). Briefly, the 
results indicate that both techniques provide simi-
lar pain relief; however, the application time is 
greatly reduced for iontophoresis (5–15  min) in 

comparison to the 50–90  min required by the 
EMLA cream. Therefore, the faster delivery of 
lidocaine via iontophoresis provides a faster onset 
of analgesia. Regrettably, the LidoSite® System 
was later discontinued. Despite this, lidocaine ion-
tophoresis still attracts interest and is object of 
ongoing clinical research according to 
ClinicalTrials.gov. For example, clinical trials 
sponsored by Dharma Therapeutics, Inc., USA, 
currently look into the same application (lido-
caine/epinephrine to provide local anaesthesia for 
venepuncture), whereas other trials sponsored by 
Acclarent, Inc., USA, investigate the anaesthetic 
effect of lidocaine/epinephrine iontophoretically 
delivered to the external auditory apparatus to treat 
otitis. This new application can be implemented 
using the Tula® Iontophoresis System also by 
Acclarent, Inc., USA, which is object of another 
clinical trial. Unfortunately, no results have been 
posted in any case.

The efficacy of topical creams and ointments 
in the treatment of herpes labialis remains a con-
troversial issue, more precisely their relative ben-
efit with respect to spontaneous healing. This 
poor outcome has been attributed to the low pen-
etration of the drug across intact skin and its 
insufficient delivery to the basal epidermis, the 
targeted site of infection. The possibility of 
enhancing the skin permeability of acyclovir via 
an electric current was investigated in several 
occasions. Morrel et al. demonstrated that a sin-
gle dose of a conventional formulation of acyclo-
vir (ACV) via iontophoresis was a convenient 
and effective treatment for cold sores (Morrel 
et al. 2006). ACV is an ampholyte drug with two 
pKa values (2.27 and 9.25); thus, it is primarily 
cationic below pH 2, neutral between pH 3 and 
8.5 and anionic at pH greater 9.5. Thus, depend-
ing on the pH of the vehicle, ionized ACV can be 
delivered both by anodal or cathodal iontophore-
sis and neutral ACV by electro-osmotic flow 
(Padula et al. 2005). Shukla et al. (2009) tested 
the iontophoretic delivery of ACV from different 
formulations (neutral creams and pH  11 gels); 
according to these authors, only the neutral drug 
solubilized in the water phase of the creams was 
available for transport. On the other hand, deliv-
ery of the negatively charged ACV from the 
pH 11 gels increased the dermis exposure to the 
drug. For example, the AUC0–60 (area under the 
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curve ACV interstitial fluid concentration versus 
time) measured by microdialysis were 
8.8 ± 1.5  mg.min.L−1, 174 ± 078  mg.min.L−1 and 
13.3 ± 4.8  mg.min.L−1 for the neutral cream, 
pH 11 gel iontophoresis and pH 11 gel passive, 
respectively. Apparently, the high pH did not 
cause skin irritation. At the time of this review, 
two phase II clinical trials sponsored by Transport 
Pharmaceuticals, Inc. (USA), on the effective-
ness of iontophoretic delivery of ACV to treat 
herpes labialis are listed in ClinicalTrials.gov, 
unfortunately with no results posted yet.

The efficacy of iontophoresis to deliver other 
antiviral agents used against herpes labialis has 
also been reported. Iontophoresis was used to 
deliver the antiviral drug idoxuridine to 14 recur-
rent herpes labialis lesions in a clinical trial 
involving six patients. Results were characterized 
by immediate relief of discomfort and swelling, 
rapid appearance and coalescence of vesicles, 
minimal or no spread of the lesions and acceler-
ated healing with minimal or no scab (Gangarosa 
et  al. 1979). Gangarosa et  al. (1986) compared 
iontophoresis of vidarabine monophosphate (ara-
AMP) and acyclovir for efficacy against herpes 
orolabialis. Patients with vesicular orolabial her-
pes participated in a double-blind, placebo-
controlled clinical study comparing iontophoresis 
of vidarabine monophosphate (ara-AMP, n = 9), 
of acyclovir (ACV, n = 9) and of NaCl (placebo 
group, n = 9). Ara-AMP-treated lesions yielded 
lower titres of virus after 24  h compared with 
lesions treated with NaCl or ACV. Ara-AMP sig-
nificantly decreased the duration of shedding of 
virus compared to the placebo group (Gangarosa 
et al. 1986).

The iontophoretic administration of dexa-
methasone sodium phosphate (DP) to treat local 
pain and soft tissue inflammation in sports medi-
cine remains a popular application. The diso-
dium salt DP is water-soluble and, at a 
physiological pH, is present mainly in its dian-
ionic form (pKa, 1.9 and 6.4). DP is relatively 
well delivered to the skin by cathodal iontopho-
resis, and, in this case, the challenge is to ensure 
that a sufficient DP reaches the target tissue 
beneath the skin despite of the drug’s systemic 
clearance. Iontophoretic treatment of various 

musculoskeletal problems with DP has been the 
subject of clinical studies employing a great 
variety of protocols, many of which have 
reported beneficial effects (Nirschl et  al. 2003; 
Li et  al. 1996), though improvement in the 
patient’s condition has not been always observed 
(Reid et  al. 1994; Runeson and Haker 2002). 
Again, it has been demonstrated that, to achieve 
optimal iontophoretic delivery, DP must be 
delivered from the cathode and formulated ratio-
nally, excluding mobile competing co-ions, such 
as chloride ions (Fig.  6.2) (Sylvestre et  al. 
2008a,b). When properly implemented, ionto-
phoresis enhances significantly the delivery of 
DP; for example, the combined amounts of 
dexamethasone sodium phosphate and dexa-
methasone in the treated SC (0.78  cm2) were 
estimated via tape stripping to be 9.9 ± 3.3 nano-
moles and 0.69 ± 0.29 nanomoles after 3  h of 
iontophoresis and 3  h of passive diffusion, 
respectively (Sylvestre et al. 2008a).

The topical iontophoresis of non-steroidal 
anti-inflammatory drugs (NSAIDs) is attractive 

Fig. 6.2  Donor composition, primarily the presence of 
competing co-ions, has a significant impact on the cath-
odal iontophoretic flux of dexamethasone phosphate 
(DP). The formulations tested were A (1:2 injectable DP 
0.4 %, Faulding (Mayne Pharma PLC, UK) + lidocaine 
4 % (AstraZeneca, UK)), B (injectable DP 0.4 % 
(American Regent, USA)), C (injectable DP 0.4 %, 
Faulding), D (DP 0.4 % in potassium citrate), E (DP 0.4 % 
in 0.9 % NaCl), F (injectable DP 0.5 %, Organon, UK) and 
G (DP 0.4 % in water). The current intensity was 0.3 mA 
(0.38 mA.cm−2). Numbers on top of the columns indicate 
the average transport number of the drug expressed as per-
centage (Data taken and redrawn from Sylvestre et  al. 
2008b)
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in that this alternative, local delivery method 
would reduce the risk of GI-related side effects 
commonly encountered after oral administration. 
The cathodal iontophoresis (0.625 mA.cm−2 for 
90  min) of a series of NSAIDs (salicylic acid, 
ketoprofen, naproxen and indomethacin) sug-
gested an important effect of the drug lipophilic-
ity on their in vivo delivery in rats (Tashiro et al. 
2001). NSAID skin concentrations were higher 
for the most lipophilic drugs, whereas the cutane-
ous plasma concentrations decreased for the most 
lipophilic actives. According to the authors, the 
rate of transfer of NSAIDs from the skin to the 
cutaneous vein decreased with increasing lipo-
philicity. These results underline the key role 
which drug partitioning between the stratum cor-
neum (SC) and the viable epidermis may have in 
determining the local bioavailability of drugs 
(Tashiro et al. 2001).

A double-blind study compared the efficacy 
and tolerability of pirprofen and lysine soluble 
aspirin (Flectadol®, Maggioni-Winthrop S.p.A., 
Milan, Italy) administered by iontophoresis to 80 
patients with various painful rheumatic diseases. 
The treatment lasted 2 weeks and consisted of 
five administrations a week, each lasting 20 min. 
After five administrations, patients showed sig-
nificant improvement in pain at rest, and on 
movement, no significant differences were 
observed between the pirprofen and aspirin 
groups. The final outcome was described as 
excellent or good for ~75 % of the treated patients 
with a satisfactory functional improvement being 
reported for ~80 % (Garagiola et al. 1988).

A commercially available gel containing 
piroxicam was used to administer this drug both 
passively and with iontophoresis to human vol-
unteers (Curdy et al. 2001). The total amount of 
drug recovered from the SC via tape stripping 
was significantly higher post-iontophoresis 
(48.6 ± 18.8 μg.cm−2) than after passive diffusion 
(5.4 ± 2.0 μg.cm−2).

The iontophoresis of ketoprofen was effica-
cious and safe in the treatment of acute osteo-
arthritic diseases also in high-risk patients 
(Salli 1993). Three hundred and twelve patients 
with osteoarthritic diseases were admitted to 
this multicentre clinical trial and received 

ketoprofen by iontophoresis twice a day for ten 
consecutive days. Pain relief was almost com-
plete in 94.6 % of the patients, improvement of 
active motility in 83.6 %, disappearance of 
swelling in more than half of the patients and 
functional improvement in about all the cases. 
Two allergic skin reactions of a mild degree (in 
0.6 % of patients) were registered.

Ketorolac has also been successfully delivered 
by iontophoresis to human volunteers. The drug 
was delivered using silver electrodes with a cur-
rent of 2  mA for five treatment sessions for 
20 min every day (Saggini et al. 1996).

A double-blind randomized study compared 
ionization with diclofenac sodium and ionization 
with saline solution in two groups of patients 
with scapulohumeral periarthritis or elbow epi-
condylitis. Both groups were treated with 20 ion-
ization sessions each lasting 30  min during a 
1-month period. There was a significantly greater 
improvement in pain at rest, pain on pressure, 
pain on movement and joint swelling in the 11 
patients treated with diclofenac sodium com-
pared with the 13 placebo-treated patients, but no 
significant differences between the two treat-
ments as regards functional impairment were 
observed (Vecchini and Grossi 1984). However, 
other studies have reported side effects including 
a systemic adverse reaction (Macchia et al. 2004) 
and allergic contact dermatitis (Foti et al. 2004).

The iontophoretic administration of antineo-
plastic agents to treat skin cancer has been pro-
posed to avoid the scarring associated with 
surgery, the long-term complications of radiation 
therapy and the adverse effects associated with 
the systemic administration of these actives. 
Chang et  al. (1993) investigated whether ionto-
phoretic delivery of cisplatin could be used to 
treat basal and squamous cell carcinomas in a 
group of patients who refused surgery. Cisplatin 
was delivered from the anode together with the 
vasoconstrictor epinephrine hydrochloride; the 
dose of drug and current applied depended on the 
size of the lesion. Eleven of the 15 patients 
showed either a partial reduction in the lesion 
area or a complete response. There were no inci-
dences of systemic side effects (nausea or vomit-
ing) although a minor burning sensation at the 
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cathode was reported. The authors concluded that 
small lesions responded better and suggested a 
treatment schedule involving a daily iontopho-
retic therapy of 20–30 min for 5 days followed by 
a 2-week recovery period.

Smith et al. (1992) investigated the iontopho-
resis of vinblastine sulphate as a possible treat-
ment for the cutaneous lesions associated with 
Kaposi sarcoma in human immunodeficiency 
virus-positive patients. The first step involved the 
iontophoretic delivery (4  mA, 10  min) of both 
lidocaine and epinephrine; after which vinblas-
tine sulphate was delivered (4 mA, 10–90 min) 
on the same skin site. A non-HIV-infected group 
showed signs of local erythema which cleared up 
within 2 weeks. However, less inflammation was 
observed in the HIV-1 patients treated over a 
period of 6 months. This difference could be 
explained by the immunosuppression at advanced 
stages of the illness experienced by the patient 
group. All patients showed a significant clearing 
of the lesions.

Cathodal iontophoresis enhanced the transder-
mal flux of methotrexate as compared to passive 
diffusion (Alvarez-Figueroa et  al. 2001); it was 
not clear whether therapeutic local concentra-
tions could be achieved given that target values 
are unknown. A topical dosage form of this drug 
for the treatment of psoriasis would be of great 
interest, as the systemic administration use of this 
drug results in numerous side effects.

Iontophoretic delivery of 5-fluorouracil 
(5-FU) appears to be a safe, effective and well-
tolerated therapy for Bowen’s disease. Twenty-
six patients with biopsy-proven Bowen’s disease 
received eight 5-FU iontophoretic treatments in 4 
weeks (Welch et al. 1997). A local excision pro-
cedure took place 3 months after the last treat-
ment, and the specimens were step-sectioned and 
evaluated for any histologic evidence of bowenoid 
changes. Only one of the 26 patients showed his-
tologic evidence of Bowen’s disease 3 months 
after treatment. A case report described a cutane-
ous allergic reaction in one patient after 5-FU 
iontophoretic treatment (Anderson et al. 1997).

Photodynamic therapy (PDT) is now 
considered as a valuable alternative treatment of 
cancer. PDT involves the administration of a 

tumour-localizing photosensitizer or photosensi-
tizer prodrug (5-aminolevulinic acid [ALA], a 
precursor in the heme biosynthetic pathway) and 
the subsequent activation of the photosensitizer 
by light (Peng et al. 1997). Using iontophoresis, a 
rapid and quantifiable system for topical ALA 
delivery, with measurement of subsequent proto-
porphyrin IX (PpIX) fluorescence and phototox-
icity, has been reported (Rhodes et al. 1997). ALA 
was iontophoretically delivered from a 2 % solu-
tion into the upper inner arm skin of 13 healthy 
volunteers with the delivery being sufficient to 
induce tumour necrosis. Iontophoretic transport 
of ALA across human SC was studied quantita-
tively in vitro by Bodde et al. (2002). The results 
showed that the amount of ALA that passively dif-
fuses through the SC in several hours, leading to 
therapeutic levels of PpIX in the epidermis, can be 
delivered by iontophoresis in 10  min or less. 
However, because the formation of sufficient 
PpIX also requires several hours and also because 
the SC overlying skin lesions such as basal cell 
carcinoma (BCC) is not intact, the clinical benefit 
of topical ALA delivery by iontophoresis for PDT 
of BCC is yet to be established.

Finally, the delivery of calcitonin gene-related 
peptide (CGRP) and vasoactive intestinal poly-
peptide (VIP) has shown potential to treat venous 
stasis ulcers (Gherardini et al. 1998). The anodal 
electrodes (40  cm2) contained drug reservoirs 
filled with 1 mL of a 3-nM CGRP or of a 0.3-μM 
VIP; the cathodal electrode reservoirs contained 
sodium phosphate buffer. This iontophoretic set-
up was applied to intact skin in the proximity of 
the ulcer in 66 patients, and pulsed electric cur-
rent was delivered for 20 min. The clinical results 
suggested that both peptides’ delivery was 
enhanced and that the electric current passage 
close to the ulcer area had a positive influence on 
the healing process.

6.3	 �Iontophoretic Transdermal 
Drug Delivery

Until very recently, only the fentanyl iontopho-
retic system (Ionsys®, Alza Corporation, USA) 
had been marketed as a transdermal drug delivery 
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system. In January 2013, the sumatriptan ionto-
phoretic delivery system, ZecuityTM by NuPathe 
Inc., USA, was approved by the FDA for the 
acute treatment of migraine.

The Ionsys® System was indicated for the 
short-term management of acute postoperative 
pain in adult patients requiring opioid analgesia 
during hospitalization. Fentanyl physicochemical 
and pharmacological properties together with its 
pharmacokinetics – short half-life and high first-
pass effect  – make it an ideal candidate for 
transdermal administration (Chelly et al. 2004). 
Passive transdermal fentanyl patches for the 
treatment of chronic pain have been marketed for 
nearly 20 years but cannot provide the rapid 
bolus of drug input required to treat acute pain. 
The feasibility of fentanyl iontophoresis was 
demonstrated in vitro and in vivo (see Fig. 6.3) 
(Thysman and Preat 1993; Ashburn et al. 1995) 
and led to the development of the Ionsys® 
System (using E-TRANS® electrotransport tech-
nology, Alza Corporation, USA)  – a prepro-
grammed, self-contained, on-demand drug 

delivery system activated by the patient which 
can deliver 80 doses of 40 μg of fentanyl in a 24-h 
period. The Ionsys® was designed to operate for 
24 h after the first activation and allowed 6 doses 
per hour up to a maximum of 80 doses, after 
which the system shut off. Subsequently, a new 
transdermal system is required if the fentanyl 
administration is to be continued. The transder-
mal system used a 10-min transdermal infusion 
for each 40-μg dose (Gupta et  al. 1999; Gupta 
et  al. 1998). Clinical studies showed that the 
Ionsys® System was well tolerated by patients 
suffering postoperative pain and was equivalent 
to a standard intravenous morphine pump 
(Viscusi et  al. 2006; Minkowitz et  al. 2007; 
Ahmad et al. 2007; Hartrick et al. 2006). Ionsys 
was marketed in Europe by Janssen-Cilag, an 
affiliate of Alza; however, a defect involving cor-
rosion of a component within the system was 
found by Janssen-Cilag in 2008. There had been 
neither complains linked to the defect nor evi-
dence of patient harm; nevertheless the device 
was recalled as a precautionary measure. Because 
the root cause of the defect was not identified, the 
marketing authorization was finally suspended 
by the European Medicines Agency (EMA) 
(EMA 2008). The current marketing status of the 
device at the Food and Drug Administration 
(FDA) website is also discontinued. In January 
2013, The Medicines Company (Parsippany, NJ, 
USA) acquired Incline Therapeutics, Inc., which 
had previously acquired the rights to Ionsys from 
Alza, with intention to resubmit the product mar-
keting approval in the USA and Europe.

Other opioid analgesics are good candidates 
for iontophoresis from both physicochemical and 
pharmacological standpoints. A prospective, ran-
domized, single-blind study investigated the 
effectiveness of iontophoretically delivered mor-
phine hydrochloride to control postoperative pain 
in 38 patients who underwent total knee or hip 
replacement. Postoperative pain was initially con-
trolled with IV meperidine and, thereafter, with a 
patient-controlled analgesia (PCA) device also 
administering meperidine. The following morn-
ing, either morphine hydrochloride or lactate 
ringer’s solutions (control) were delivered ionto-
phoretically for 6 h. Because of the red wheal and 

Fig. 6.3  Current intensity controlled the extent of fen-
tanyl absorbed as shown by changes in AUC (area under 
the curve plasma concentration vs. time, filled diamonds), 
Cmax (maximum plasma concentration, filled squares) and 
the amount of fentanyl absorbed per 10-min dose, Aabs 
(open circles), but did not modified tmax (time to reach 
Cmax, filled triangles). Fentanyl HCl was delivered using a 
patient-controlled transdermal system, 16–35 volunteers 
received each treatment (Data taken and redrawn from 
Sathyan et al. 2005)
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flare observed under the anodal compartment, 
apparently due to the local histamine release pro-
voked by morphine, the investigators were aware 
of the patients who received morphine, and only 
the patients were blinded. PCA analgesia 
remained available to patients during this period 
and for 12  h after iontophoresis. The morphine 
group usesd significantly less PCA meperidine 
both during iontophoresis and for the following 
12-h post-iontophoretic treatment as compared to 
the lactate group (Ashburn et al. 1992).

The iontophoretic delivery of apomorphine 
for the treatment of idiopathic Parkinson’s dis-
ease was evaluated in human subjects. Although 
some encouraging results were obtained, they 
will require further confirmation, especially as 
the skin required pretreatment with surfactants 
(Bodde et  al. 1998; Li et  al. 2005) to further 
improve delivery of the drug. In vivo studies in 
rats suggest that therapeutic levels of ropinirole 
hydrochloride could be achieved via iontophore-
sis (Luzardo-Alvarez et al. 2003). However, the 
results will need further confirmation in humans 
and after formulation of a suitable electrode 
patch.

The iontophoretic delivery of tacrine, the first 
centrally acting cholinesterase inhibitor approved 
for the treatment of Alzheimer’s disease, in 
healthy adult volunteers was investigated in two 
occasions. One study used Iogel® silver/silver 
chloride electrodes (Chattanooga Group, Inc., 
USA), whereas the second one employed a novel 
two-compartment electrode system in which the 
drug reservoir was separated from the electrode 
by a membrane; this arrangement maximized the 
drug transport efficiency by avoiding competition 
with co-ions. A 0.4-mA.cm−2 current was applied 
for 3 h using patches with an active surface area 
of 10 cm2. Apparently, both types of electrodes 
would be able to provide tacrine blood levels 
similar to those observed following oral adminis-
tration of the drugs (Kankkunen et al. 2002).

The treatment of migraine also represents an 
interesting application for iontophoresis. Several 
in vitro (Femenia-Font et  al. 2005) and in vivo 
studies carried out with sumatriptan in human 
volunteers (Siegel et al. 2007) suggested that ion-
tophoresis could provide adequate drug plasma 

levels for migraine treatment. Similar results 
have been obtained with zolmitriptan (Patel et al. 
2009). A phase III randomized, double-blind, 
placebo-controlled trial evaluated the efficacy 
and tolerability of a sumatriptan iontophoretic 
transdermal system for the acute treatment of 
migraine in 469 patients. Patients on sumatriptan 
iontophoresis experienced less nausea, photo-
phobia and phonophobia than those on placebo 
iontophoresis; further they had a rapid and sus-
tained headache pain relief and used less rescue 
medication than the placebo group. About 50 and 
44 % of patients treated with the sumatriptan ion-
tophoresis and placebo iontophoresis experi-
enced treatment-related adverse reactions, most 
of which were transient and mild-to-moderate 
application side effects. Therefore, sumatriptan 
iontophoresis was effective and well tolerated 
and particularly advantageous in migraine 
patients with nausea (Goldstein et  al. 2012). In 
January 2013, the FDA (Drugs@FDA 2013) 
cleared the Zecuity iontophoretic transdermal 
delivery system by NuPathe Inc., USA, which 
delivers 6.5 mg of sumatriptan over 4 h.

The following paragraphs summarize the key 
progress in peptide and protein delivery by ionto-
phoresis. Comprehensive and recent reviews on 
this topic field are available elsewhere (Gratieri 
et al. 2011). Early work demonstrated that ionto-
phoresis could deliver peptides systemically, 
more specifically the tripeptide, threonine-lysine-
proline (Thr-Lys-Pro) after topical application 
onto hairless rat skin (Green et al. 1992). In vivo 
results were consistent with the measured flux of 
the peptide in vitro. Iontophoretic pretreatment of 
rats resulted in enhanced delivery of the peptide 
subsequently applied passively. No important 
changes in skin morphology were observed fol-
lowing the current passage.

Currently, there is wide evidence supporting 
that iontophoresis can successfully deliver pep-
tides and proteins in their active form. However, 
the therapeutic and commercial usefulness of the 
technique will depend on the dose and input pro-
files required for each application and on which 
alternative routes of delivery are available for the 
peptide considered. An increase in delivery rates 
of the somatostatin analogue, octreotide, was 
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obtained in  vivo in rabbits when mild current 
densities (50–150  μA.cm−2) were applied (Lau 
et al. 1994). Peptide plasma levels increased pro-
portionally with the intensity of the current 
applied and drug input declined quickly upon 
current cessation. Several iontophoretical studies 
have investigated calcitonin, a 32-amino acid 
peptide with a molecular weight of ~3500  Da 
which, under physiological conditions, is 
positively charged. For example, human calcito-
nin was delivered into hairless rats, although low-
ering of serum calcium was not linearly dependent 
upon either the current density or time of current 
application (Thysman et al. 1994). The possibil-
ity of delivering calcitonin topically to the dentin 
in order to treat invasive cervical resorption 
(Kitchens et  al. 2007) and systemically to treat 
osteoporosis and Paget’s disease has been 
reported as well. Nevertheless, no studies have 
been carried so far in humans. Salmon calcitonin, 
which is more potent than the human form, has 
been iontophoretically delivered in animal skin 
models with the blood levels attained being com-
parable to those achieved by intravenous infusion 
(Santi et  al. 1997; Chaturvedula et  al. 2005). 
Iontophoresis of LHRH has been investigated 
in vivo in pigs (Heit et al. 1993). Elevated LHRH 
concentrations were measured in the blood and 
concomitant increases in LH (luteinizing hor-
mone), and FSH (follicle-stimulating hormone) 
levels were observed, demonstrating that the hor-
mone had been delivered as a pharmacologically 
active species. Further, the circulating levels of 
LHRH fell rapidly upon the termination of ionto-
phoresis. A larger peptide, growth hormone-
releasing factor, GRF (1–44) (MW 5040), was 
delivered by iontophoresis into hairless guinea 
pigs, resulting in steady-state plasma levels of 
~0.2 ng.mL−1 which were associated to a ~3.16-
μg.h−1 transdermal flux (Kumar et al. 1992).

The iontophoretic delivery of the LHRH ana-
logue leuprolide has been investigated in humans 
(Meyer et al. 1990; Lu et al. 1993). The applica-
tion of a low current intensity (0.2  mA) over 
70 cm2 resulted in LH levels comparable to those 
obtained after subcutaneous injection (Meyer et al. 
1990). These results are remarkable, considering 
the low current density (~3.1 μA.cm−2) employed. 

Only 15 % of the subjects reported a tingling sen-
sation during current passage, and 46 % observed 
at the electrode sites some erythema which 
resolved quickly after current termination. The 
effect of formulation variables on the iontopho-
retic delivery of leuprolide was also studied in 
humans (Lu et  al. 1993). The lowest leuprolide 
concentration provided the highest transport. 
Vehicles formulated with different ionic strengths 
were evaluated. Systemic leuprolide levels dif-
fered, but there was little effect on the LH and tes-
tosterone concentration. This observation was 
attributed to differences in the pharmacological 
response of the subjects included in the study.

Despite the many in vitro and in vivo studies 
performed on peptide iontophoresis (Kochhar 
and Imanidis 2004; Nair and Panchagnula 2004; 
Chaturvedula et al. 2005), the prediction of ionto-
phoretic fluxes and blood levels attainable for a 
given compound remains difficult. Computational 
studies of 3D quantitative structure-permeation 
relationships suggest that iontophoresis is 
favoured by peptide hydrophilicity and hindered 
by voluminous, localized hydrophobicity 
(Schuetz et al. 2005, 2006). An especially inter-
esting situation is presented when the bulky lipo-
philic moiety is directly adjacent to a positively 
charged residue as it is the case, for example, of 
nafarelin and leuprolide. It has been demon-
strated that these two peptides reduce the magni-
tude of the electro-osmotic solvent flow typically 
observed in the anode-to-cathode direction at 
physiological pH and, in doing so, dramatically 
affect their own iontophoretic transport (Schuetz 
et al. 2006; Lau et al. 1994).

Insulin has attracted significant attention from 
researchers in the field of iontophoresis. It is gen-
erally accepted that hexameric insulin is too large 
for being delivered via iontophoresis; however, 
the flux of monomeric human insulin (mean MW 
~6000  Da, negatively charged) was increased 
significantly by current application as compared 
to passive diffusion. Nevertheless, the iontopho-
retic administration of insulin is hindered by 
numerous challenges including the instability of 
the peptide. A considerable number of in  vitro 
studies have investigated the effect of iontopho-
retic parameters on insulin delivery and have 
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demonstrated the physiological effect of ionto-
phoretically delivered insulin on blood glucose 
levels in different small animal models, particu-
larly mice, rats and rabbits (Pillai et  al. 2003, 
2004a; b; Pillai and Panchagnula 2003a; b; Kari 
1986; Liu et al. 1988; Rastogi and Singh 2005; 
Langkjaer et  al. 1998). More recently, different 
approaches, combining iontophoresis with other 
techniques such as chemical enhancers, ultra-
sound, liposomes or microneedles, have been 
tested (Singh et al. 2012). While some of these 
studies have successfully delivered insulin in 
these small animal models, a delivery method 
which involves compromising the SC may not be 
appropriate for chronic use in humans. Further, it 
is uncertain whether the results can be extrapo-
lated to humans, who will require significantly 
greater doses of the hormone to be delivered and 
provide the pharmacologic effect.

6.4	 �Iontophoresis Applications 
in Ocular Drug Delivery

The treatment of ocular diseases, particularly 
those afflicting the anterior and posterior camera 
of the eye, represents an important challenge. 
Drug delivery by topical formulations is typically 
ineffective due to both precorneal obstacles 
(drainage, blinking, tear film and induced lacri-
mation) and anatomical barriers (lipophilic cor-
neal epithelium, hydrophilic corneal and scleral 
stroma and tight junctions) presented by the eye. 
It has been suggested that ocular iontophoresis 
may overcome some of the above-mentioned 
challenges, and therefore, the technique has been 
tested for the delivery of antibacterials, antivirals, 
antifungals, steroids, antimetabolites and genes.

Ocular iontophoresis can be classified into 
transcorneal and transscleral iontophoresis, 
according to treatment location. Transcorneal 
iontophoresis aims to deliver the drug to the ante-
rior segment of the eye (cornea, aqueous humour, 
ciliary body, iris and lens) for the potential treat-
ment of keratitis, glaucoma, dry eyes, corneal 
ulcers and ocular inflammation (Eljarrat-Binstock 
and Domb 2006).

Transscleral iontophoresis delivers the drug 
directly into the vitreous and retina. For this pur-
pose, the iontophoretic device is placed on the 
conjunctiva, over the pars plana area, to avoid 
potential damage to the retina by current passage. 
Transscleral iontophoresis represents a potential 
alternative to intravitreal injections and to sys-
temic administration in the treatment of endo-
phthalmitis, uveitis, retinitis, optic nerve atrophy, 
paediatric retinoblastoma and age-related macular 
degeneration (Eljarrat-Binstock and Domb 2006).

Like the skin, the sclera has an isoelectric 
point between 3.5 and 4 and therefore a net nega-
tive charge at physiological pH; thus, transport 
by electro-osmosis will be possible depending on 
the pH. The key parameters controlling the ionto-
phoretic transport of low molecular weight com-
pounds are very similar to those controlling 
transdermal iontophoresis, i.e. the current inten-
sity, duration of the application and composition 
of the iontophoretic vehicle (buffers and compet-
ing ions) (Gungor et al. 2010). On the other hand, 
the iontophoretic flux of some high molecular 
weight cationic compounds was not proportional 
to their concentration in the donor (Gungor et al. 
2010). Similar observations were made in an 
in vitro study which delivered a marker, a hydro-
philic 40-kDa dextran, across the isolated porcine 
sclera and across the trilayer sclera-choroid-
Bruch’s membrane. It was observed that drug 
depots built up inside the sclera during in vitro 
iontophoresis and that this reservoir provides for 
a sustained transscleral flux for up to 3  h after 
iontophoresis (Pescina et al. 2011) (see Fig. 6.4).

Although generally considered as a safe tech-
nique if properly implemented, some complica-
tions including epithelial oedema, decrease in 
endothelial cell inflammatory infiltration and 
burns can occur depending on the site of applica-
tion, current density and duration. Because the 
corneal tissue and sclera present important differ-
ences, the passage of current affects them differ-
ently. For example, damage to the cornea surface 
affects vision, whereas the sclera is very sensitive 
to pain and hypoxia. In the case of humans, a 
transscleral exposure to 0–3.0 mA for 20 min and 
to 1.5 mA for 40 min was well tolerated, while 
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passage of 4.0 mA for 20 min produced a burning 
sensation in half of the subjects treated (Parkinson 
et al. 2003).

Several studies have been conducted to dem-
onstrate that iontophoresis can efficiently 
enhance the passage of various molecules across 
the eye membranes. Most of these studies have 
been performed in  vivo in rabbits, while fewer 
in vitro studies and human trial are being reported.

The transcorneal and transscleral penetration 
of dexamethasone after short-term iontophoresis 
was investigated in rabbits, using drug-loaded 
disposable HEMA hydrogel sponges and a por-
table iontophoretic device. The drug levels mea-
sured in the cornea after a single transcorneal 
iontophoresis (1 mA for 1 min) were up to 30-fold 
higher than those obtained after repeated eye 
drop instillation. Further, high drug concentra-
tions were measured in the retina and sclera 4 h 
post transscleral iontophoresis (Eljarrat-Binstock 
et al. 2005).

Antibiotics such as gentamicin, ciprofloxacin 
and vancomycin have been delivered with ionto-
phoresis either transcorneally or transsclerally. A 
study in rabbits compared transcorneal iontophore-
sis (1 min, 1 mA) of gentamicin sulphate with topi-
cal eye drops of fortified gentamicin (1.4 %) applied 
every 5 min for 1 h and with subconjunctival injec-
tion of 0.25  mL of a 40-mg.mL-1 gentamicin 

solution. The peak gentamicin concentrations after 
a single iontophoresis treatment were 12–15 times 
higher than those obtained after gentamicin injec-
tion or after topical eye drop instillation; moreover, 
iontophoresis maintained the therapeutic drug lev-
els in the cornea for more than 8 h (Eljarrat-Binstock 
et al. 2004). In another study, the concentration of 
ciprofloxacin in the aqueous humour just after 
5 min of transcorneal iontophoresis was not signifi-
cantly higher than in the no-current control. 
However, 6 and 12 h post-iontophoresis, the con-
centrations of drug in the aqueous humour were 
approximately six- and fivefold higher than in the 
control group, respectively (Vaka et al. 2008).

Methotrexate iontophoresis was investigated in 
rabbits using drug-loaded hydrogels mounted on 
a portable iontophoretic device. Following (1.6 
and 5 mA.cm−2 for 4 min) the iontophoretic appli-
cations, the therapeutic drug levels were main-
tained for at least 8 h at the sclera and retina and 
for 2 h at the aqueous humour. Increasing the cur-
rent density from 1.6 to 5 mA.cm−2 led to a twice-
higher concentration at the vitreous and to 8 and 
20 times higher concentrations at the retina and 
sclera, respectively (Eljarrat-Binstock et al. 2007).

The recombinant humanized monoclonal anti-
body bevacizumab used in ophthalmology for the 
treatment of neovascularization in diseases such 
as diabetic retinopathy and age-related macular 
degeneration is currently administrated by 
repeated intravitreal injection, which can cause 
severe complications. Pescina et al. investigated 
in  vitro whether anodal iontophoresis could 
enhance the transscleral transport of this anti-
body (Pescina et  al. 2010). This preliminary 
study showed that anodal iontophoresis signifi-
cantly enhanced (~7.5-fold) bevacizumab trans-
port through isolated human sclera even though 
the drug is essentially uncharged.

The EyeGate® II Delivery System (Eyegate 
Pharmaceuticals, Inc., USA) was used to deliver 
EGP-437 (dexamethasone phosphate, DP, formu-
lated for iontophoresis) in a phase I/II clinical 
trial in patients with uveitis. After a single ionto-
phoresis treatment, approximately two thirds of 
the patients reached an anterior chamber cell 
score of zero within 28 days. Lower doses seemed 
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to be more effective and the treatments were well 
tolerated. Concurrent pharmacokinetic data indi-
cated a low short-term systemic exposure to 
dexamethasone after ocular iontophoresis; fur-
ther, no systemic corticosteroid-mediated effects 
were observed (Cohen et al. 2012).

The same drug and device were employed in a 
phase II clinical trial in patients with dry eye. 
Patients were placed in a controlled adverse 
environment and randomized into one of the 
three iontophoresis treatment groups: 7.5  mA-
min at 2.5 mA (DP 7.5), 10.5 mA-min at 3.5 mA 
(DP 10.5) or 10.5 mA-min at 3.5 mA (placebo 
iontophoresis). Primary efficacy endpoints were 
corneal staining and ocular discomfort. Secondary 
endpoints included tear film break-up time, ocu-
lar protection index and symptomatology. While 
the DP 7.5 and DP 10.5 treatment groups showed 
statistically significant improvements in signs 
and symptoms of dry eye at various time points, 
the primary endpoints were not achieved (Patane 
et al. 2011).

Ocular iontophoresis has been implemented 
using several devices differing primarily on the 
design of the drug reservoir. A very common 
approach, primarily used for transcorneal drug 
delivery, consists on an eye cup with a drug solu-
tion in which the electrode is immersed. The eye 
cup is placed over the eye and then a slightly 
negative pressure is created to keep the applicator 
in its place. A range of size and shape of eye cups 
adapt to different animal species and humans. 
The return electrode is placed close to the eye, 
typically on the forehead. The EyeGate® II 
Delivery System, originally designed at the 
Bascom Palmer Eye Institute at the University of 
Miami and optimized by EyeGate Pharma 
(Eyegate Pharmaceuticals, Inc., USA), is based 
on this design and consists of two parts: a reus-
able battery-powered generator and a disposable 
applicator which contains the drug.

A second approach in the design of eye ionto-
phoresis devices involves hydrogels in which the 
drug is dispersed. The hydrogels also modulate 
drug release, thus facilitating drug handling and 
minimizing tissue hydration (Eljarrat-Binstock 
et  al. 2010). Two companies, Iomed Inc. (Salt 
Lake City, Utah, USA) and Aciont Inc. (Salt Lake 

City, Utah, USA), have developed hydrogel-based 
applicators, OcuPhor and Visulex. These systems 
are under investigation for transscleral iontopho-
resis with different drugs (Kompella et al. 2010).

6.5	 �Cosmetic Applications 
of Iontophoresis

Iontophoresis has become a tool to deliver skin 
care and cosmetic agents. Nevertheless, the ther-
apeutic and cosmetic fields of application are 
very different in their regulatory aspects, product 
research and development methods and markets 
targeted. Yet there have been some interesting 
advances in this area which are worth discussing; 
this concerns primarily the iontophoresis of vita-
min C and its derivatives and of botulin toxin and 
the treatment of scar tissue and acne scars.

As discussed earlier, the iontophoresis of bot-
ulinum toxin has aimed primarily to treat palmar 
hyperhidrosis, and there is no peer-reviewed lit-
erature on the use of iontophoresis to deliver 
botulinum toxin for cosmetic purposes (e.g. treat-
ment of wrinkles).

The iontophoresis of vitamin C, vitamin C 
derivatives and multivitamins has aimed primar-
ily to treat melasma and to promote collagen 
regeneration. The magnesium salt of the 
L-ascorbic acid 2-phosphate (Asc-2-P) is usually 
preferred due to the poor stability of ascorbic 
acid. A wide variety of iontophoretic devices, 
formulations and experimental conditions has 
been used, and while the information provided is 
not always complete, it is clear that the delivery 
conditions were far from optimal in some cases. 
Some, although incomplete, evidence for effi-
cacy in vivo is provided by colorimetric measure-
ments in the case of melasma and by photography 
and by self-assessment. Some reports describe 
studies in which iontophoresis was combined 
with other procedures (laser, depigmentation 
creams) or are case reports which complicate 
data interpretation. Two representative studies in 
humans are described below.

A group of 29 (24–49 years old) females with 
melasma participated in a randomized 
double-blind, within-group comparison, placebo-
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controlled trial (Huh et al. 2003). One side of the 
face was treated with iontophoresis of 3.75 % 
Asc-2-P magnesium salt, and the other side was 
treated with placebo iontophoresis. The Vitaliont 
II System (Indiba-Japan Co., Ltd., Japan), 
employed to apply a 0.5-mA current for 8 min, 
has a “neutral” handpiece or positive electrode 
holder by the patient’s hand and a metal negative 
electrode which was slowly moved along the skin 
surface. Some of the effects reported (21 % 
reported a mild sense of electric shock, 7 % itch-
ing, 7 % erythema, 3 % burning sensation and 3 % 
skin dryness) could be due to the method fol-
lowed to implement iontophoresis. The results, 
evaluated by photographic assessment, self-
assessment and colorimetry measurements of the 
melasma lesion, allowed the authors to conclude 
that iontophoresis of Asc-2-P magnesium salt 
could be a useful treatment for melasma.

Choi et  al. (2010) compared the effects of 
vitamin C either on its own or included in a mul-
tivitamin (B1, B2, B6, C, nicotinamide and dex-
panthenol) formulation in a randomized, 
split-face, double-blind trial involving 20 women 
with melasma. A Vitaliont II device was used to 
implement 6-min iontophoretic applications, 
twice a week for 12 weeks, using multivitamins 
on one side of the face and only vitamin C on the 
other. Application of sunscreen was allowed on 
both sides. Self-assessment and colorimetric 
measurement were used to assess the efficacy of 
the treatments. While the condition was improved 
after 12 weeks in both sides, there were no sig-
nificant differences between the two formula-
tions tested. Side effects such as burning 
sensations, erythema and itching were reported 
more frequently for the vitamin C sites. According 
to the authors, both treatments were equally 
effective for melasma, but the multivitamin ion-
tophoresis was better tolerated. However, some 
details concerning the specific experimental 
method and, crucially, the polarity of the current 
applied on each site are not completely clear.

The iontophoresis of estriol and, especially, of 
tretinoin could be useful for the treatment of acne 
scars. Yet, the experimental methods have not 
always been optimized for the delivery of these 
actives, and the role of current passage has not 

always been clearly isolated. The three studies 
below are representative examples of this appli-
cation. Iontophoresis has been employed to 
deliver estriol and tretinoin for the treatment of 
atrophic acne scars (Schmidt et  al. 1995). The 
first group (18 women) received estriol iontopho-
resis using a 0.3 % acid aqueous solution of the 
active as donor whereas the second group (28 
women and men) tretinoin iontophoresis which 
used a 0.025 % tretinoin gel. Twice weekly ionto-
phoretic treatments (15 min, 3 mA) were applied 
for 3 months. There are some ambiguities con-
cerning whether the polarity of iontophoresis was 
appropriate for the ionization status of the actives, 
the pH and the characteristics of the “mesh” elec-
trode used. An impressive improvement of the 
scars was reported but there were neither passive 
nor placebo iontophoresis controls (Fig.  6.5). 
Local effects included post-iontophoresis ery-
thema in all patients. No other side effects were 
reported for the estriol group, but three patients 
complained of dry skin, and one developed typi-
cal retinoid dermatitis in the tretinoin group. The 
same group (Schmidt et al. 1999) explored fur-
ther the use of tretinoin iontophoresis in a study 
involving 32 patients (19 women (15–39 years) 
and 13 men (18–48 years)). The iontophoresis 
procedure used a tretinoin gel (0.025 %) and 
involved 20-min 3- mA current sessions applied 
twice weekly using a Minisan (Medizintechnik, 
Austria) low-frequency instrument and a metal 
facial mask covered with a sponge material that 
provided openings for the nostrils and mouth. 
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Once again, a significant improvement was 
reported although, in this case, the efficiency of 
the treatment is assessed through subjective eval-
uations of scar depth, skin firmness and elasticity, 
pore size and skin moisture.

The third study involved twice weekly ionto-
phoretic (20 min of 6 mA) sessions over a ~3.5-
month period and a 0.05 % tretinoin gel as donor 
(Knor 2004). Thirty-eight patients with different 
scar types (ten superficial, ten macula atrophic, 
seven depressed fibrotic and 11 ice pick) and scar 
ages (nine (0–1 years), nine (1–2 years), 13 (2–4 
years) and seven (4–10 years)) participated. The 
assessment included clinical examination (scar 
depth, skin colour, skin vascularization, pore 
size, skin firmness and elasticity), photographs 
and measurements of skin moisture, sebum and 
pH values. Complete or partial flattening of scars 
was achieved in 79 % of the cases studied; most 
interestingly, the outcome was highly dependent 
on the type and age of the scar. Best results were 
observed for scars with small diameter (superfi-
cial and ice pick), whereas the most disappoint-
ing results were observed for depressed fibrotic 
scars and old scars.

6.6	 �Iontophoretic Drug Delivery 
to the Nail

The iontophoresis of prednisolone sodium phos-
phate in vivo across the nail was reported in 1986, 
possibly the earliest proof of concept for ionto-
phoretic nail delivery (James et al. 1986). Yet, it 
was only in the last decade that significant advance 
was observed in this area as recently summarized 
(Delgado-Charro 2012). The efficiency of ionto-
phoresis to enhance the nail transport of therapeu-
tic drugs varies; in  vitro the enhancement fold 
ranges from 5 to 10 (Murthy et al. 2007b; a; Hao 
et al. 2009; Amichai et al. 2010a). Iontophoresis 
enhances the delivery of terbinafine into and 
across the nail plate both in  vitro and in  vivo. 
However, there are large differences in the level of 
enhancement observed, a fact partially explained 
by the different experimental conditions used and 
the relatively complex formulations required to 
provide sufficient drug solubility (Amichai et al. 

2010a, b; Nair et al. 2009a, b, c; 2011). For exam-
ple, the delivery of terbinafine in  vitro across 
human nail and porcine hoof from a pH 4 formu-
lation (1 % terbinafine, 37–40 % ethoxydiglycol, 
1.5 % hydroxyethyl cellulose, 0–3 % dimethyl 
sulfoxide (DMSO) and 1 % NaCl or KCl) has 
been reported (Amichai et al. 2010a). The cumu-
lative deliveries of terbinafine after 24  h were 
0.3 ± 0.9; 0, and 4.6 ± 6.3 μg.cm−2 for the passive, 
0.3  mA.cm−2, and 0.4  mA.cm−2 experiments, 
respectively. Further release of the drug into the 
receptor was measured after the donor was 
removed suggesting the formation of a drug reser-
voir in the nail plate.

It is now generally believed that iontophoretic 
transport across the nail can occur both by electro-
osmosis and electrorepulsion mechanisms. The 
permselective properties of the nail have been 
clearly demonstrated by Murthy et  al. (2007a) 
who characterized the transport of glucose and 
griseofulvin in the pH range 3–7. Anodal and 
cathodal fluxes were higher at pH 7 and 3, respec-
tively. Similar anodal and cathodal transport was 
measured at pH 5 suggesting that the nail’s iso-
electric point is around this value. Further, nail 
permselectivity affects the iontophoretic transport 
of small inorganic ions such as sodium, the trans-
port number of which increased from 0.35 to 
0.88 in the pH range 4–7 (symmetric pH experi-
ments) (Dutet and Delgado-Charro 2010b) and 
from 0.25 to 0.6 as the donor pH increased from 3 
to 11 (asymmetric pH experiments) (Smith et al. 
2010). Despite the nail’s well-established permse-
lectivity, it remains to be seen whether drug deliv-
ery solely based on electro-osmosis will be a 
useful approach. For example, the iontophoretic 
transport of mannitol and urea across the nail has 
been extremely variable and not always greater 
than the passive controls (Hao and Li 2008; Dutet 
and Delgado-Charro 2010a).

The contribution of electromigration to trans-
port in transungual iontophoresis seems more effi-
cient. In vitro experiments showed the transport 
numbers of sodium and lithium to be directly pro-
portional to their molar fractions; further the gradi-
ent of the linear regression increased with pH, 
reflecting changes in nail permselectivity, and 
could be used to predict the maximum transport 
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number (absence of competing co-ions) (Dutet 
and Delgado-Charro 2010b). According to these 
results, transport numbers during nail iontophoresis 
are primarily determined by molar fraction and 
mobility, very similarly to what occurs during 
transdermal iontophoresis (Fig. 6.6).

The role of other factors such as current inten-
sity, competing ions and pH is illustrated by work 
on the nail iontophoresis of salicylic acid (SA) 
(Murthy et al. 2007b). SA cathodal transport was 
proportional to the intensity of current, increased 
linearly with SA concentration and decreased 
with increasing concentration of competing co-
ions. Another series of experiments investigated 
the effect of pH; SA cathodal fluxes respond, as 
expected, to changes in the drug ionization 
(pKa = 3.1) and in the nail permselectivity 
(Murthy et al. 2007b).

The feasibility of nail iontophoresis, in vivo, 
has been clearly demonstrated. Constant current 
iontophoresis (0.2  mA, 0.5  mA.cm−2) was well 
tolerated by healthy volunteers; further, changes 
in TOWL (transonychial water loss) (Dutet and 
Delgado-Charro 2009) were similar after passive 
and iontophoretic experiments and had disap-
peared in approximately 1 h. A recent work based 
on Fourier Transform InfraRed spectrometry 
(FT-IR) and impedance spectroscopy (Benzeval 
et  al. 2013) also suggests the TOWL changes 
observed after nail iontophoresis to be mostly 
due to hydration. Reverse iontophoresis across 

the nail has also been reported albeit for small 
inorganic ions only; the in vivo sodium transport 
number was 0.51 ± 0.1 (Dutet and Delgado-
Charro 2009).

A clinical study concerning terbinafine nail 
iontophoresis involved 38 patients with toe ony-
chomycosis (Amichai et al. 2010b). The 0.1-mA 
constant current was applied using graphite 
active and Ag/AgCl return electrodes, respec-
tively, and a 1-cm2 patch containing 1 % terbin-
afine HCl. The patches also contained 25 % 
ethylene oxide/propylene oxide block copoly-
mer (Pluronic® F127, Uniqema, USA), 2 % 
absolute ethanol, 5 % propylene glycol, 0.8 % 
Sharomix 824 (a blend containing pethylpara-
ben, ethylparaben, propylparaben and phenoxy-
ethanol) and 0.12 % triethanolamine in water at 
a pH  4.6. Passive and iontophoretic patches 
were applied to the toenail for 6–8 h overnight, 
5 days a week for 4 weeks. The iontophoresis 
group had significant improvement and higher 
amounts of terbinafine (5.69 ± 2.15 μg.cm−2) in 
the nail plate compared to the passive group 
(1.34 ± 0.54  μg.cm−2); the patch was well 
tolerated.

Overall, the in vivo data available suggest that 
nail iontophoresis is both efficient and well toler-
ated. Nevertheless, the clinical potential of ionto-
phoresis to treat nail diseases and the relative 
advantages of this enhancement technique with 
respect to other methods for drug delivery have 
not been fully established.

6.7	 �Reverse Iontophoresis: 
Non-invasive Sampling 
Applications

Iontophoresis is a symmetric process that can be 
used both for drug delivery and sampling appli-
cations. Many molecules including drugs and 
markers of therapeutic and clinical interest are 
extracted to the surface from both the subdermal 
compartment and from within the skin. The 
potential for non-invasive clinical chemistry was 
soon noticed, and applications tested include 
general blood chemistry, glucose monitoring, the 
detection of diagnostic markers and therapeutic 
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drug monitoring. This field, extensively reviewed 
in the past (Delgado-Charro 2011; Leboulanger 
et al. 2004d), has seen relatively few new devel-
opments lately; therefore, this section aims to 
summarize only the basic principles underlying 
the methodology and applications of reverse 
iontophoresis.

	1.	 Iontophoretic sampling can be mediated by 
both electromigration and electro-osmosis, 
allowing extraction of both charged and neu-
tral compounds. Nevertheless, as illustrated by 
phenytoin (Leboulanger et al. 2004c), charged 
analytes are more efficiently extracted.

	2.	 Molar fraction, competing ions, pH, ioniza-
tion status and current intensity affect the 
efficiency of iontophoretic transport simi-
larly in sampling applications and drug 
delivery (Leboulanger et al. 2004d; Delgado-
Charro 2011). Nevertheless, with the excep-
tion of current intensity, these factors cannot 
be easily manipulated in reverse iontophore-
sis, being primarily controlled by physiologi-
cal values (pH, ionic composition) and by the 
clinical concentration range of markers and 
drugs. Transport numbers of drugs and mark-
ers are normally small because of the compe-
tition with the more mobile and concentrated 
endogenous ions. That is, sodium and chlo-
ride ions will transport most of the charge 
towards the cathodal and anodal compart-
ments, respectively (Leboulanger et  al. 
2004a; Sieg et  al. 2004a). All the same, 
manipulation of the collector formulation 
allowed some optimization of the extraction 
process, as shown for the electro-osmotic 
extraction of mannitol and glucose (Santi 
and Guy 1996a, b; Tamada and Comyns 
2005).

	3.	 Because proteins and other large molecules 
are not efficiently transported across the 
skin, reverse iontophoretic samples provide 
a relatively “clean” matrix for measuring 
free drug concentrations typically requiring 
little processing. It follows that only the free 
fraction of a drug is available for iontopho-
retic sampling as demonstrated for phenyt-
oin (Leboulanger et  al. 2004c) and that 

extraction fluxes will decrease for heavily 
bound drugs, adding to the analytical 
challenge.

	4.	 Small, fully charged, highly concentrated 
and not significantly protein-bound com-
pounds are probably the best candidates to 
be extracted by reverse iontophoresis by 
electromigration. For example, the feasibil-
ity of a non-invasive iontophoretic therapeu-
tic monitoring of lithium has been 
demonstrated (Leboulanger et al. 2004a). In 
the case of neutral compounds, those found 
in relatively high concentration are pre-
ferred, as it is the case of glucose (Tamada 
et  al. 1999, DirecNet, 2004). Other critical 
issues are the clinical application and poten-
tial market envisaged which explains why 
the first and only reverse iontophoretic 
device so far marketed has been the 
GlucoWatch Biographer® (Cygnus, Inc., 
USA) (Tamada et al. 1999, DirecNet, 2004). 
The GlucoWatch Biographer®, no longer in 
the market, was a glucose monitoring device 
which was worn on the wrist like a watch 
(see Fig. 6.7) and took non-invasive glucose 
measurements through the skin every 10 min 
for up to 13 h.

	5.	 Iontophoretic extraction is generally more 
efficient and reproducible than passive trans-
dermal sampling, even though the extracted 

Fig. 6.7  The GlucoWatch G2 Biographer developed by 
Cygnus, Inc. (USA), and approved by the FDA in 2001 
was a glucose monitoring device which allowed non-
invasive glucose monitoring through the skin (Image 
kindly provided by and with permission from Dr. R. Potts)
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quantities of analyte are typically very small. 
The sensitivity of the analytical method deter-
mines the minimum amount of analyte to be 
extracted to allow for an accurate quantifica-
tion and, as a result, the duration of the ionto-
phoretic sampling procedure. It should be 
noticed that not all applications require the 
same continuous sampling and sophisticated 
technology that glucose monitoring does. For 
example, the assessment of an average drug 
exposure could be sufficient for the therapeu-
tic drug monitoring of some drugs, and this 
would require less frequent sampling and 
could be performed by simpler iontophoretic 
devices without integrated analytical 
capabilities.

	6.	 The iontophoretic fluxes of extraction of some 
analytes are high at the beginning of the 
extraction period and decline afterwards. This 
has been observed in  vitro and in  vivo for 
endogenous analytes such us glucose (Rao 
et al. 1993), urea (Wascotte et al. 2004, 2007), 
lactate (Nixon et  al. 2007) and many amino 
acids (Sieg et al. 2009; Sylvestre et al. 2010) 
and in vivo (Leboulanger et al. 2004a) for the 
case of patients following chronic lithium 
therapy. The iontophoretic fluxes of extraction 
for these compounds only correlate with the 
systemic levels after this initial phase, or 
“warm-up” period. This observation has been 
explained by the presence of a skin reservoir 
for these substances, which either exists natu-
rally as it is the case of glucose and compo-
nents of the natural moisturizing factor or 
builds up upon the chronic administration of 
lithium. This first short phase provides an 
opportunity to extract markers of skin health 
or with cosmetic significance and potentially, 
to assess historical chemical exposure (e.g. 
adherence to treatment drugs). Once the reser-
voir is exhausted, the analytes are extracted 
from the subdermal interstitial fluid which is 
in equilibrium with plasma, and therefore the 
fluxes of extraction provide “real-time” infor-
mation as it has been shown for glucose, urea 
and lithium (Leboulanger et  al. 2004a; Sieg 
et  al. 2004a; Tamada et  al. 1999; Wascotte 
et al. 2007).

	7.	 A critical issue concerning reverse iontophore-
sis has been the calibration of the efficiency of 
extraction. Ideally, the fluxes of extraction 
would be linearly proportional to the systemic 
concentration of the analyte, and the propor-
tionality constant which reflects the efficiency 
of the extraction process would be constant 
from the beginning of the extraction and would 
suffer from little inter- and intra-variability. 
However, this has not been always the case. 
Firstly, the extraction fluxes observed for a 
constant subdermal concentration require 
some time to become steady, and the lag time 
varies between 0.5 and 10 h depending on the 
analyte considered (Leboulanger et al. 2004b, 
c, d; Delgado-Charro 2011; Santi and Guy 
1996a, b). Evidently, the interpretation of the 
extraction data becomes further complicated 
when the subdermal levels change reflecting a 
drug or a marker disposition (Leboulanger 
et al. 2004b). Secondly, the efficiency of glu-
cose extraction showed wide inter- and intra-
variability so that the GlucoWatch® 
Biographer had to be calibrated via a conven-
tional finger stick prior to each use; this was 
perceived as an important limitation (Sieg 
et  al. 2004a; Tamada et  al. 1999, DirecNet, 
2004). Conversely, the efficiency of lithium 
extraction has shown little variability, and in 
fact, the constant determined in a training set 
of patients could be used to predict the serum 
levels of the drug in another patient group 
(Leboulanger et  al. 2004a). It is not clearly 
established whether the variability is related to 
the mechanism of extraction (electro-osmosis 
versus electrorepulsion) or to the properties of 
the analyte. While some work has attempted to 
solve this issue via an internal standard cali-
bration procedure, a good internal standard for 
glucose has not been identified yet (Sieg et al. 
2004a, b; Leboulanger et al. 2004b).

	8.	 Other areas in which reverse iontophoresis 
has been frequently tried and several in vivo 
studies reported are the assessment of renal 
function (Wascotte et  al. 2004; Ching et  al. 
2011; Djabri 2015; Degim et al. 2003) and of 
skin health, primarily the extraction of com-
ponents of the natural moisturizing factor 
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(Wascotte et al. 2004, 2007; Sieg et al. 2004b, 
2009; Nixon et  al. 2007; Sylvestre et  al. 
2010).

To summarize, although the potential of 
reverse iontophoresis as a non-invasive sampling 
tool has been demonstrated, only one device the 
GlucoWatch Biographer® has been marketed for 
sampling purposes. Reverse iontophoresis can 
offer non-invasive therapeutic monitoring and 
clinical chemistry for drugs and markers with the 
adequate clinical, pharmacokinetic and physico-
chemical properties, thus addressing the needs of 
patient populations for which repetitive blood 
sampling represents a significant burden.

�Conclusions

Transdermal iontophoresis has demonstrated 
to be a useful tool both to deliver and to sam-
ple drugs and markers. The efficiency of ion-
tophoresis to enhance topical and transdermal 
drug delivery has been clearly established 
through abundant in vivo and in vitro data for 
multiple drugs; further iontophoresis is non-
invasive and considered as safe, with several 
iontophoresis devices having reached the mar-
ket for both topical and transdermal applica-
tions. Nevertheless, a judicious choice of the 
drug and application is crucial for the success-
ful implementation of iontophoresis. Nail and 
ocular iontophoresis have progressed signifi-
cantly in the last decade. Despite the relatively 
low number of iontophoretic devices mar-
keted, the area continues to be actively 
researched and tested in clinical trials. The 
key benefits of iontophoresis are its ability to 
modulate drug input, its safety profile and the 
enhancement observed with respect to passive 
diffusion for judiciously selected candidates.
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7.1	 �Introduction

The administration of drugs to the skin has been 
practiced for centuries to treat local diseases, but 
it has only been used for systemic drug delivery 
since the 1970s with the introduction of transder-
mal patches (Roy et al. 1996). This route holds 
several key advantages over other routes of 
administration, including avoidance of gastric 
degradation and first-pass metabolism of drug 
molecules in addition to superior patient compli-
ance. However, the major limitation of this route 
of drug administration is that the skin is perme-
able to only small lipophilic drugs and is highly 
impermeable to hydrophilic and macromolecular 
drugs. The poor transportation of hydrophilic or 
charged molecules across the skin is primarily 
attributed to the lipophilic nature of the stratum 
corneum (SC) and its low water content (Flynn 
1989). The successful transdermal/topical formu-
lation of a drug depends on the permeation rate of 
the drug molecule across and into the skin to 
achieve and retain therapeutic levels throughout 
the duration of use. The permeation of a drug 
through the SC is largely dependent on the parti-
tion coefficient of the drug molecule. Ideally, a 
drug must possess both aqueous and lipid solu-
bility. If a drug is highly hydrophilic, it will not 
be able to transfer into the SC layer. In contrast, a 
highly lipophilic drug will tend to form a depot in 
the SC layer. As many of the drugs lack desired 
physicochemical properties of percutaneous 
absorption, percutaneous penetration enhancers 
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are promising in the development of transdermal 
formulations. An ideal percutaneous penetration 
enhancer should promote the transport of drugs 
across/into the skin in a predictable way without 
any irreversible effects on the skin barrier proper-
ties. Several studies examined this aspect and 
explored various enhancement methods, includ-
ing physical and chemical techniques to over-
come the barrier properties of the skin (Barry 
2002; McConville 2016; Prausnitz et  al. 2004; 
Singh and Singh 1993; Sugino et al. 2009). The 
present chapter focuses on electroporation, an 
electrical method to enhance the transport of 
drug molecules across/into the skin by overcom-
ing the barrier of the SC.

The use of electrical current for enhancing the 
percutaneous penetration of drugs, that are other-
wise impermeable, was known for a long time. 
More than a century ago, LeDuc (1908) demon-
strated the transdermal delivery of strychnine and 
potassium cyanide into rabbits using a low-voltage 
electric current, known as iontophoresis (Tyle 
1986). In contrast, electroporation is a relatively 
new technique of percutaneous penetration 
enhancement which makes use of high-voltage 
electric current (Denet et al. 2004; Prausnitz et al. 
1993a). Both iontophoresis and electroporation 
use electric current to enhance the percutaneous 
absorption of drugs and macromolecules, with 
the difference being that the iontophoresis acts 
primarily on the drug molecule, while electro-
poration acts on the skin structure as well as to 
some extent on the drug molecules. 
Electroporation is a physical technique which 
involves the application of very short duration 
(microsecond–millisecond) high-voltage electric 
pulses to reversibly enhance cell or tissue perme-
ability for bioactive molecules such as drugs, 
dyes, vitamins, peptides, proteins, DNA, RNA, 
etc. (Chabot et  al. 2015; Charoo et  al. 2010; 
Espinos et  al. 2001; Neumann et  al. 2000). 
Electroporation may not show significant differ-
ence over the other enhancement methods for the 
transdermal delivery of small ions/molecules, but 
shows dramatically higher fluxes of macromole-
cules in comparison to other enhancement meth-
ods. The major advantage of this technique is that 
the macromolecules such as peptide and gene-

based drugs could become potential candidates 
for transdermal delivery (Barry 2001; Dujardin 
and Preat 2004; McCoy et  al. 2014; Medi and 
Singh 2003). The other potential advantages are 
that we can have a better control over the amount 
of drug delivered and kinetics of drug delivery 
(Potts 1993). Furthermore, electroporation is 
inexpensive and relatively simple to perform 
(Lakshmanan et al. 2014).

7.2	 �Mechanisms of Percutaneous 
Penetration Enhancement

Electroporation of cell membrane has been 
studied extensively and used since the 1970s for 
DNA transfection of the cells by reversibly per-
meabilizing the cell membranes with the appli-
cation of brief electric pulses (Auer et al. 1976; 
Dean et  al. 2003; Kinosita and Tsong 1977a; 
Neumann and Rosenheck 1972; Young and 
Dean 2015). Although the detailed molecular 
mechanism of electroporation is still not com-
pletely understood, the application of strong 
electric field pulses to cells and tissue is known 
to cause some type of structural rearrangement 
of the cell membrane. Many theoretical models 
have been put forward to explain the mecha-
nisms of electroporation. However, there is a 
general agreement in the literature that the 
applied field induces some sort of metastable 
structural defect in the membrane, which serves 
as a pathway for macromolecular entry (Golzio 
et al. 2002; Hristova et al. 1997; Prausnitz et al. 
1993a; Yarmush et  al. 2014). The main idea 
behind using electroporation for percutaneous 
penetration enhancement is to perturb the bar-
rier property of SC to enhance the transport of 
drugs.

The transmembrane potential induced in a cell 
by an external field is usually described by the 
following equation:

	 D ¦ qV E rm = cos 	

where Vm is the transmembrane potential, ƒ is a 
function describing the electrical and geometrical 
properties of the cell, E is the strength of applied 
electric field, r is the cell radius, and θ is the polar 
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angle with respect to the direction of the external 
field. Many researchers list the value of ƒ as 1.5 
(Kotnik et  al. 1997, 1998). Electroporation is 
attained when Vm is greater than the threshold 
potential (Vs). As the bilayer cell membrane is a 
common feature for eukaryotic cells, the value of 
Vs is comparable to different cell types and is 
reported to be 1 V (Kinosita and Tsong 1977b). 
However, the theoretical and experimental study 
conducted by Teissie and Rols (Teissie and Rols 
1993) described Vs as being 200 mV. Therefore, a 
pulse voltage of 20–40  V (about 250–500  mV/
bilayer) is sufficient to achieve short-term perme-
abilization of multilayer SC (~70–100 lipid bilay-
ers) (Gallo et al. 1997; Pliquett et al. 1995). For 
prolonged permeabilization of the SC, a pulse 
voltage higher than 75 V (1 V/bilayer) is required.

7.2.1	 �Expansion of Preexisting 
Pathways

A schematic drawing of the SC with the possible 
pathways of transport during electroporation is 
shown in Fig.  7.1. At relatively low voltages 
(<30 V across the skin), the drop in skin resistance 
and enhanced transdermal transport can be mainly 
attributed to electroporation of the appendageal 
ducts present in the skin (Chizmadzhev et  al. 
1998). However, electroporation of the 
appendageal ducts does not show dramatic 

increase in the transdermal transport of molecules 
(Chen et  al. 1998). At higher voltages (>30 V), 
electroporation of the lipid-corneocyte matrix 
leads to an additional drop in skin resistance, 
which allows dramatic increase of the drug trans-
port (Chen et al. 1998; Weaver et al. 1999).

7.2.2	 �Creation of New Pathways

Application of electric pulses of high voltage to 
the skin results in a dramatic increase of transder-
mal transport associated with reversible structural 
changes in the skin (Prausnitz et al. 1993a) which 
causes permeabilization of the SC and is generally 
believed to occur through the formation of aque-
ous pathways across the lipid bilayers of the 
SC.  Electroporation alters lipid bilayers when 
transient electric field leads to the formation of 
non-lamellar lipid phases: a pore, also called local-
ized transport region (LTR). These new aqueous 
pathways are thought to be formed when the water 
from both sides of the membrane meets due to the 
electric field force (Pliquett 1999). The pore mech-
anism for the enhanced transdermal transport is 
generally accepted. In addition to electroporation, 
the local electric field also provides a driving force 
for the small ions and water-soluble molecules to 
traverse the skin through these newly created path-
ways (Vaughan and Weaver 2000).

A

B C D

Fig. 7.1  Schematic 
drawing of the stratum 
corneum with the possible 
pathways (preexisting and 
new) of transport during 
electroporation. 
Preexisting pathways 
include (A) via hair 
follicle; (B) via intercel-
lular, involving the gaps 
between corneocytes; (C) 
via sweat ducts and (D) 
newly created due to 
electroporation pathway 
that goes through the 
corneocytes and lipid 
bilayers
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7.2.3	 �Thermal Effects 
Due to Electroporation

When electrical energy passes through a resis-
tance, it is transformed into heat. According to 
the first law of thermodynamics, the electrical 
energy released into a system will increase the 
energy level of the sample. Thus, the heat pro-
duction due to electrical energy dissipation 
results in an increase in the sample temperature. 
However, the increases in the temperature are not 
drastic as the whole circuit is involved in the 
energy dissipation, not just the sample (Lurquin 
1997). Nevertheless, caution should be observed 
when multiple pulses of longer duration are 
applied. It is hypothesized that the application of 
electric pulses causes temperature rise in the SC 
during electroporation, which might further con-
tribute to permeation enhancement. It was esti-
mated by computer simulation that for a peak 
voltage of 70 V exponential decay pulse across 
the SC, the temperature rise would be 19  °C 
(Martin et  al. 2002). These temperature rises 
occurred within localized regions surrounding 
the LTRs and are called localized dissipation 
regions (LDRs) (Pliquett et  al. 2002; Weaver 
et al. 1998). The morphological changes studied 
using time-resolved freeze-fracture electron 
microscopy following electroporation revealed 
the formation of multilamellar vesicles of 0.1–
5.5 nm in diameter in the intercellular lipid bilay-
ers of the SC (Gallo et al. 1999). These vesicles 
were similar to those formed when the SC is 
heated to 65  °C, suggesting that these changes 
are related to the heating effect of the electric 
pulses (Gallo et al. 1999). The temperature rise 
within SC may alter the structure and prolong the 
recovery of the skin barrier after electroporation 
(Murthy et al. 2004).

7.2.4	 �Molecular Transport 
Mechanisms

Diffusion, electrophoretic movement, and electro-
osmosis are the major mechanisms of molecular 
transport through temporary permeabilized skin 
by electroporation (Tien and Ottova 2003). While 

diffusion plays a major role in the permeation of 
small uncharged molecules (Tekle et  al. 1994), 
electrophoretic movement is the main driving 
force for the transport of charged macromolecules 
such as DNA (Prausnitz et  al. 1993a; Regnier 
et al. 1999). Although diffusion can occur during 
and after pulse application, electrophoresis is evi-
dent only during pulse application (Escobar-
Chavez et al. 2009). In contrast to iontophoresis, 
the use of short-time electric pulse limits the con-
tribution of electroosmosis in drug permeation by 
skin electroporation. The impact of diffusion and 
electrophoresis depends on the physicochemical 
properties of the drug such as geometric size, 
shape, and charge (Chen et al. 2006).

7.3	 �Factors Influencing 
Percutaneous Penetration 
Enhancement 
by Electroporation

There are several parameters influencing the 
extent of percutaneous penetration enhancement 
of drug molecules using electroporation. These 
include both electrical parameters associated 
with the pulses and physicochemical properties 
of the molecules to be delivered.

7.3.1	 �Electrical Parameters

7.3.1.1	 �Types of Pulses
Two different types of pulses (wave forms), 
square-wave (Denet and Préat 2003; Medi and 
Singh 2003) and exponentially decaying (Chang 
et  al. 2000; Prausnitz et  al. 1993a), are being 
investigated for percutaneous penetration 
enhancement (Fig. 7.2). Square-wave pulse elec-
troporators generate a voltage pulse using fast 
switches. Basically, the power supply set to gen-
erate a given voltage is connected to a square-
wave pulse generator, which closes the circuit at 
t = 0 and opens it at a defined time point later. 
Thus, the theoretical shape of the wave is as 
shown in Fig.  7.2a. Square-wave pulses do not 
rely on capacitor discharge into the circuit as in 
the case of exponential decay pulses. Hence, 
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square-wave electroporation permits the use of 
multiple pulses of fixed voltage for a constant 
period of time (Golzio et al. 1998; Jordan et al. 
2008). It has been reported that higher gene trans-
fection efficiencies can be achieved when square-
wave electroporation is utilized to transfer DNA 
into cells (Liu and Bergan 2001; Takahashi et al. 
1991). However, during exponential decay wave 
forms (Fig.  7.2b), an initial pulse voltage is 
selected, and the duration of the decay depends 
on the capacitance setting of the electroporation 
system and the resistance of the skin. Therefore, 
the reproducibility of exponential decay pulse 
conditions for clinical application might be prob-
lematic, while this is not an issue with square-
wave pulses (Denet et  al. 2004). Nevertheless, 
skin electroporation using exponentially decay-
ing pulses was shown to be more effective 
(Fig. 7.3). Due to its long voltage tail, exponen-
tial decaying pulses can expand or maintain the 
high-permeability state of the skin for a pro-
longed period of time to facilitate the electropho-
retic mobility of drugs (Vanbever et al. 1996).

7.3.1.2	 �Pulsing Parameters
The pulsing parameters, such as pulse amplitude, 
pulse length, number of pulses, and the interval 
between each pulse, can have a dramatic effect 
on the transport of drugs through the skin during 
electroporation. Pulse amplitude is reported to be 
a critical parameter, which has a profound effect 
on the transdermal delivery of drugs (Zorec et al. 
2013). Sharma et  al. (2000) reported that the 
transport of terazosin hydrochloride through 
hairless rat skin was enhanced linearly with pulse 
amplitude using exponentially decaying pulses. 

In another study human parathyroid hormone 
(1–34), hPTH (1–34), delivery was shown to 
depend linearly on the pulse amplitude using 
square-wave pulses (Fig.  7.4) (Medi and Singh 
2003). The pulse length and number of pulses 
also affect the extent of transdermal delivery as 
shown in Figs.  7.5 and 7.6, respectively. The 
pulsing frequency might also play an important 
role as the large number of pulses with a big time 
gap between them may not be useful, which 
allows the recovery of skin barrier before the 
application of the next pulse.

7.3.1.3	 �Electrode Design
Since the intensity and distribution of the electri-
cal field can be significantly affected by electrode 

a b

Fig. 7.2  Schematic drawing of the (a) square-wave and 
(b) exponential decay pulses. The electrical pulse param-
eters, especially the duration of the pulses, can be better 

controlled in the case of square-wave pulse than in expo-
nentially decaying pulses
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Fig. 7.3  Effect of the type of electroporation pulses applied 
on cumulative transport of fentanyl through full-thickness 
hairless rat skin. Key: (□) passive diffusion, (◊) 5 × 
(100 V–60 ms) square-wave pulses, (○) 5 × (250 V–60 ms) 
square-wave pulses, (△) 5 × (100 V–125 ms) exponentially 
decaying pulses, (☒) 5 × (250  V–125  ms) exponentially 
decaying pulses. Fentanyl 40  μg/ml was introduced in a 
citrate buffer pH 5 (0.01 M) (Reproduced from Vanbever 
et al. 1996. With permission of Springer)
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geometry and their position throughout the pulse 
application, the efficiency of drug transport is 
greatly influenced by the proper selection of elec-
trodes and their positioning with respect to the 
tissue to be electroporated (Kanduser and 
Miklavcic 2008). For use in medicine, electrode 
design has to allow both efficient drug/gene 
transport and maximum protection of the sur-
rounding tissue from cell damage.

The electrodes used for skin electroporation can 
be classified into two major groups: noninvasive 

electrodes and invasive electrodes. The most com-
mon noninvasive electrode consists of two parallel 
plate electrodes with either fixed or variable dis-
tances positioned around the injected sample. 
Although simple plate electrodes are often used in 
a clinical setting for the treatment of cutaneous and 
subcutaneous metastases, they can cause superfi-
cial skin burning and stimulation of underlying 
muscles and nerves (Denet et al. 2004). The use of 
a meander electrode can protect the underlying tis-
sue from undesirable side effects since its electric 
field is mostly localized within the superficial skin 
layers (Denet et al. 2004). Heller et al. (2007) have 
designed a special type of plate electrode (4PE) 
consisting of four plates to deliver electric pulses in 
two different orientations perpendicular to each 
other. This electrode design provides easier and 
more reproducible cutaneous plasmid delivery than 
commercially available simple plate electrodes. 
Other commonly used noninvasive electrode types 
are contact wires (Heller et al. 2001; Mazères et al. 
2009; Pedron-Mazoyer et al. 2007), flat patch elec-
trode (Babiuk et al. 2003; Heller et al. 2010; Zhang 
et al. 2002), and tweezers electrode. In the case of 
contact wire electrodes, the sample is injected 
between the two wires, while the flat patch elec-
trode is placed directly on the injected sample.

The invasive electrodes comprise of various 
needle configurations, either in circular or pair-
wise array. They are generally used for the treat-
ment of tumors or vaccinations. Invasive 
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Fig. 7.4  Effect of electroporation pulse voltages on the 
flux of hPTH (1–34) through dermatomed porcine skin. 
Twenty square-wave pulses of 100 ms pulse length with 1 
s interval between each pulse and of different voltage 
were applied at the beginning. Pulses were applied to 
0.785  cm2 area of the skin. Values are shown as the 
mean ± SD of three determinations (Reproduced from 
Medi and Singh 2003. With permission of Elsevier)
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Fig. 7.5  Effect of pulse length on terazosin hydrochlo-
ride (TRZ) delivery. Twenty pulses at 88 V were delivered 
using small-area electrode (Reproduced from Sharma 
et al. 2000. With permission of John Wiley and Sons)
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Fig. 7.6  Effect of number of pulses on TRZ delivery. The 
voltage was set at 88 V and the pulse length was set at 
40 ms (Reproduced from Sharma et al. 2000. With per-
mission of John Wiley and Sons)
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electrodes are inserted near the periphery of the 
injection site to avoid any leakage of the sample. 
Maruyama et  al. (2001) made a special type of 
electrode design where the needles were inserted 
into the skin parallel to the body surface, rather 
than conventional vertically directed electrodes. 
In another study, Daugimont et  al. (2010) used 
hollow conductive microneedle arrays for the 
intradermal delivery of drugs and DNA.  This 
microneedle array played a dual role in allowing 
needle-free intradermal injection of the sample as 
well as for electric pulse application in the super-
ficial skin layers.

Since most of the skin permeation studies by 
electroporation have been executed in rodents, 
noninvasive electrodes have been used frequently. 
However, several studies conducted in large ani-
mals, such as pigs which have relatively thicker 
skin, showed the superiority of needle electrodes 
over conventional plate electrodes (Drabick et al. 
2001). Therefore, the selection of the most suit-
able electrodes and their design depends upon 
both the purpose of electroporation as well as the 
characteristics of the treated cells.

7.3.2	 �Physicochemical Factors

7.3.2.1	 �Molecular Size and Charge 
of the Permeant

The size and charge of the drug molecule play an 
important role in percutaneous absorption. 
Figure 7.7 shows the effect of molecular weight 
(MW) of the permeant on the transdermal trans-
port using electroporation, i.e., an increase of 
MW causes a decrease of the transport. Since the 
electrophoretic movement is the primary trans-
port mechanism for charged macromolecules 
through the skin by electroporation, both the 
pKa of the permeant and the pH of the delivery 
formulation play a critical role in the overall 
absorption process. The general rule is that the 
higher the charge of the permeant, the greater the 
absorption potential (Denet et  al. 2004). 
Electroporation has shown a 5–10,000-fold 
increase in the flux of calcein (Prausnitz et  al. 
1993a), luteinizing hormone-releasing hormone 
(LHRH) (Bommannan et  al. 1994), heparin 

(Prausnitz et al. 1995), oligonucleotides (Regnier 
et al. 1998), fluorescein isothiocyanate (FITC)-
labeled dextran (Lombry et  al. 2000), insulin 
(Sen et al. 2002a), and hPTH (1–34) (Medi and 
Singh 2003). These studies suggest that electro-
poration can be useful for the transdermal deliv-
ery of macromolecules that could not be 
transported using other enhancement methods.

7.3.2.2	 �pH of the Formulation
The pH of the formulation is also an important 
factor that can influence the barrier properties of 
the skin in addition to its influence on the ionic 
state of the drug. Enhanced percutaneous penetra-
tion of water without electroporation was reported 
at pH lower than 4 and higher than 10 due to the 
extraction of the insoluble fraction of keratin 
(Matoltsy et al. 1968). The electrical impedance 
of the skin was also found to be decreased at a pH 
lower than 3 and higher than 9 (Allenby et  al. 
1969). Murthy et al. (2003) showed the pH depen-
dence of the electroporation-enhanced transport 
using glucose and FITC-labeled dextran (FD). 
They reported that the transport of glucose and 
FD across porcine epidermis was increased by 
three-fold when the formulation pH was increased 
from pH 5 to 7.5, which might be due to the pro-
longed postpulse permeability state of the skin.
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Fig. 7.7  Effect of molecular weight of permeant on cumu-
lative transdermal transport using electroporation. Ten 
(150V–150 ms, each separated by 30 s) exponentially 
decaying pulses were used to measure the transport of 
FITC-dextran (FD) of increasing molecular weight (4.4, 
12, and 38 kDa) across hairless rat skin in vitro. (Reproduced 
from Lombry et al. 2000. With permission of Springer)
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7.3.2.3	 �Effect of Electrolytes
The presence of monovalent electrolytes such as 
NaF, NaCl, NaBr, and NaI (Fig. 7.8) and divalent 
electrolytes such as MgCl2 and CaCl2 (Fig. 7.9) 
was shown to have a synergistic effect on the 
electroporation-enhanced transport of calcein 
across the hairless rat skin (Tokudome and 
Sugibayashi 2003). The presence of CaCl2 was 
shown to prolong the postpulse recovery of the 
skin, which might be the reason for the enhanced 
transport in comparison to electroporation alone 
(Tokudome and Sugibayashi 2004). Simultaneous 
application of these electrolytes and electropora-
tion caused 10–83-fold enhancement in the skin 
permeation of calcein compared to electropora-
tion alone.

7.3.2.4	 �Effect of Temperature
It is well known that temperature affects the per-
meability of the diffusing drug molecules 
through the skin (Oh et  al. 1993; Peck et  al. 
1995). It has been shown that an increase in 
temperature above 40  °C results in enhanced 
transport of molecules with electroporation 

(Fig.  7.10), which is likely due to the delayed 
recovery of the skin following electroporation 
(Murthy et al. 2004).
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Fig. 7.8  Effect of various monovalent electrolytes on 
electroporation-enhanced permeation of calcein through 
excised hairless rat skin. Symbols: ○, control (passive dif-
fusion); •, distilled water; ♦, NaF; ■, NaCl; □, NaBr; ▲, 
NaI (Reproduced from Tokudome and Sugibayashi 2003. 
With permission of Elsevier)
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electroporation-enhanced permeation of calcein through 
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Fig. 7.10  Total electroporation transport of FD10K 
across porcine epidermis at different temperatures. 
Porcine epidermis samples were subjected to 60 pulses, 
each of 1-ms duration at 100 V, 1 Hz. FD10K (5 mg/mL) 
was present in the donor chamber during the pulse appli-
cation and for 15  min after pulsing (Reproduced from 
Murthy et al. 2004. With permission of John Wiley and 
Sons)
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7.4	 �Effects of Electroporation 
on Skin

In order to be useful clinically, the permeabiliza-
tion of SC should be reversible as it is the primary 
barrier between the body and the environment 
besides playing a critical role in regulating the 
homeostatic reactions. Unlike electroporation of 
simple lipid bilayers, which anneal immediately 
after ceasing the pulses, the complex lipid matrix 
of the SC has a slower return to normal permea-
bility state (Riviere and Heit 1997). Although not 
completely understood, application of strong 
electric pulses to cells and tissues is known to 
cause some type of structural rearrangement of 
the cell membrane due to the combined electrical 
and thermal effects (Pliquett et al. 2002; Weaver 
1995). In most of the cases, the overall changes to 
the skin following electroporation are mild and 
reversible.

Since the SC layer has much higher electrical 
resistance than underlying tissues, the applied 
electric field to the skin will initially concentrate 
in the SC and could provide efficient protection 
from adverse effects to the underlying viable tis-
sues. However, upon the application of a high-
voltage electric pulse, SC’s resistance drops 
dramatically to permit the greater extent of elec-
tric field into the deeper tissues, causing direct 
excitation of the underlying nerves and muscles 
(Prausnitz 1996). An increase in pulse voltage, 
duration, and rate is likely to intensify the sensa-
tion of itching, pricking, tingling, muscle con-
tractions, and pain (Denet et  al. 2004). These 
unwanted side effects could be avoided by the 
use of closely spaced microelectrodes that con-
fine the electric field to SC layer (Pliquett and 
Weaver 2007). The present section delineates the 
studies carried out so far to address the safety 
issues using electroporation.

7.4.1	 �Biophysical Changes

The lipid structure of SC is known to undergo 
several structural rearrangements at elevated 
temperatures during electroporation. Although 

these temperatures may slightly differ for various 
animal species, the SC experiences roughly four 
endothermic phase transitions over a temperature 
range of 40–130  °C (Becker 2012). The phase 
transition that occurs within the temperature 
range of 60–70 °C greatly destabilizes the SC’s 
lipid barrier function and is primarily attributed 
to the disordering of the lamellar lipid phase 
(Cornwell et  al. 1996). Biophysical methods 
allow investigators to study the changes of SC 
lipids and proteins in addition to the SC water 
content. Different methods including Fourier 
transform infrared spectroscopy (FTIR), differ-
ential thermal analysis (DTA), differential scan-
ning calorimetry (DSC), and X-ray diffraction 
have been used to investigate these changes fol-
lowing electroporation treatment. Attenuated 
total reflectance (ATR)-FTIR studies show an 
increase in the water content of SC (Jadoul et al. 
1999), which was also confirmed by thermo-
gravimetric studies (Jadoul et al. 1998b). A dra-
matic perturbation in the lamellar ordering of the 
intercellular lipid has been reported after high-
voltage pulsing using differential thermal analy-
sis and freeze-fracture electron microscopy 
(Jadoul et  al. 1998b). Polarized light thermal 
microscopy of extracted lipids from the SC shows 
an indication of overall lipid structure fluidiza-
tion around 60 °C (Silva et al. 2006). Small-angle 
X-ray scattering studies carried out about 5 min 
after electroporation pulsing provided further 
evidence for a general perturbation of interlamel-
lar and intralamellar lipid packing order (Jadoul 
et al. 1997).

7.4.2	 �Histological Changes

Electroporation-induced skin damage is often 
assessed histologically after staining with hema-
toxylin and eosin (Heller et al. 2008). Histological 
examination of the skin after electroporation 
showed intraepidermal edema, focal vacuoliza-
tion, and degeneration of the epidermal layer 
(Guo et  al. 2011; Riviere et  al. 1995). An 
increased detachment of SC cell layers and an 
amorphous epidermis (Fig.  7.11) were reported 
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a b

c d

Fig. 7.11  Effect of electroporation on skin. (a) Microscopic 
section of control porcine skin (without any electric pulses), 
(b) microscopic section of skin sample electroporated with 
pulses of 100 V, (c) microscopic section of the skin treated 

with pulses of 200 V, and (d) microscopic section of the 
skin treated with pulses of 300  V.  Images were taken at 
100× magnification (Reproduced from Medi and Singh 
2003. With permission of Elsevier)

B.M. Medi et al.



115

with an increase in electroporation pulse voltage 
(Jadoul et  al. 1998b; Medi and Singh 2003). 
Freeze-fracture electron microscopic studies 
revealed a severe distortion of the lamellar struc-
ture of the SC lipids (Jadoul et al. 1998b). Another 
study using time-resolved freeze-fracture elec-
tron microscopy revealed the formation of 
multilamellar vesicles of 0.1–5.5 nm in diameter 
in the SC that could be related to the heating 
effect of electroporation (Gallo et al. 1999).

7.4.3	 �Macroscopic Barrier and Skin 
Irritation

The barrier property of the skin is critical to pre-
vent the entry of exogenous toxic chemicals into 
the body and also to avoid the loss of internal 
body components, particularly water (Roberts 
and Walters 1998). The effect of electroporation 
on the macroscopic barrier property of the skin 
was studied by measuring transepidermal water 
loss (TEWL) following electroporation in vivo 
in rats and rabbits (Dujardin et al. 2002; Medi 
and Singh 2006; Wang et al. 2007). The studies 
reported a reversible increase in TEWL follow-
ing electroporation. It is shown to cause mild, 
transient erythema and edema in New Zealand 
white rabbits (Medi and Singh 2006). Skin irri-
tation was measured at different time points fol-
lowing the visual scoring method of Draize 
et al. (1944). It is suggested that the use of ion-
tophoresis followed by electroporation pulses 
might reduce the skin irritation (Prausnitz et al. 
1993b; Vanbever et al. 1998a). This may be due 
to the creation of new pathways with electro-
poration, which results in more even distribu-
tion of the iontophoretic current (Singh and 
Maibach 2002). A recent study using a surface 
electroporation device demonstrated the effect 
of pulse voltage on the dermal integrity of 
guinea pig skin (Broderick et al. 2012). At the 
48 h time point, skin sites treated with 200, 100, 
and 50 V electric pulses showed signs of redness 
and swelling. In addition, 200 and 100 V elec-
tric pulse treatments also showed signs of 
inflammation and scabbing, while the skin site 
treated with 10 V pulses did not show visible 

signs of tissue damage. On the contrary, electro-
poration of the guinea pig skin using a noninva-
sive multielectrode array (250  V/cm, 150  ms) 
demonstrated no sign of severe skin damage 
such as burning, ulceration, or scar formation 
(Guo et al. 2011). Only skin redness and prints 
of the electrodes were observed after electro-
poration and disappeared by day 5. Some tran-
sient hair loss was evident in the site of 
electroporation, but it grew back within 7 days 
of treatment. Thus, the selection of proper volt-
age parameters and electrodes is important to 
carry out safe and effective electroporation.

7.5	 �Potential Applications

Electroporation is an attractive physical tech-
nique, because it offers a simple, effective means 
of facilitating the permeation of a wide range of 
exogenous molecules across the skin by tran-
siently disrupting the cell membrane. Moreover, 
for in vivo application, the area of tissue affected 
by electroporation can be effectively controlled 
or confined by the appropriate localization of 
applied electric field (Esser et al. 2009; Pliquett 
et al. 2004). The encouraging results of in vitro 
electroporation studies persuade researchers to 
investigate the potential of electroporation-based 
medical therapies. The current in vivo application 
of electroporation encompasses drug delivery 
(Tokumoto et al. 2006; Wong et al. 2006), gene 
delivery (including DNA vaccination) (Luckay 
et al. 2007; Medi et al. 2005; Wells et al. 2000), 
or electroporation alone (without any therapeuti-
cally active molecules) for tissue ablation 
(Al-Sakere et al. 2007). A number of studies have 
demonstrated that electroporation could be used 
to enhance the delivery of impermeant anticancer 
drugs to the solid tumor tissue (Gothelf et  al. 
2003; Mir and Orlowski 1999). More interest-
ingly, recent studies have reported that the use of 
very short duration and higher-voltage electric 
pulses can irreversibly destroy the target cells 
within a limited area while leaving adjacent cells 
unaffected (Lee et al. 2010). This provides a new 
opportunity for the treatment of cancer, cardio-
vascular diseases, and other ailments that 
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necessitate removal of tissue. This section 
emphasizes the use of electroporation for trans-
dermal drug and gene delivery.

7.5.1	 �Transdermal or Topical Drug 
Delivery

Since the demonstration of the electroporation 
for enhanced transdermal delivery (Prausnitz 
et  al. 1993a), numerous studies reported the 
delivery of several molecules. It can improve 
transdermal/topical delivery of drugs ranging 
from small molecules to macromolecules such 
as peptides and nucleic acids (oligonucleotides 
and genes). Enhanced transdermal delivery of 
macromolecules of at least up to 40  kDa was 
shown to be feasible with electroporation. 
Table 7.1 provides a summary of the percutane-
ous penetration enhancement of different drugs 
using electroporation.

Furthermore, skin electroporation in combi-
nation with other physical and chemical percuta-
neous penetration enhancers has been explored 
for transdermal delivery. The aim of combining 
chemical enhancers and electroporation is either 
to enlarge the pathways created by electropora-
tion or to prolong the reversal of these pathways 
but not to disrupt lipids (Denet et  al. 2004). 
Traditional chemical penetration enhancers  
(e.g., dimethyl sulfoxide, azone) may not be use-
ful for this purpose (Vanbever et  al. 1997). 
Polysaccharides such as heparin (Weaver et  al. 
1997), dextran (Vanbever et  al. 1997), and 
anionic phospholipids (Sen et  al. 2002b) were 
found to enhance transdermal delivery by elec-
troporation. The application of ultrasound along 
with electroporation is not expected to have a 
dramatic effect as both of these techniques have 
similar mechanisms of action (Denet et al. 2004). 
However, the application of iontophoresis in 
combination with electroporation is anticipated 
to increase the transdermal transport synergisti-
cally due to the different mechanisms of action 
of these methods. For more details on the com-
bined effects of electroporation and other meth-
ods, look at Chaps. 26, 27, 28, 29, 30, and 31 in 
this volume.

7.5.2	 �Gene Delivery

The skin is an attractive target for gene transfer 
due to its large size and easy accessibility 
(Khavari 1997). Gene transfer to the skin can be 
potentially useful for the treatment of local skin 
disorders and also for systemic disorders as it can 
produce and release polypeptides into the sys-
temic circulation (Cao et al. 2000, 2002; Spirito 
et  al. 2001). The skin is an ideal site for the 
genetic immunizations using plasmid DNA-
based vaccines (Babiuk et al. 2002, 2003; Choi 
and Maibach 2003; Drabick et  al. 2001; Hirao 
et al. 2008; Hooper et al. 2007; Roos et al. 2006). 
It contains a large number of professional 
antigen-presenting cells, such as Langerhans 
cells and dendritic cells, as well as permits the 
visual monitoring of the vaccinated area (Tobin 
2006). Skin electroporation also allows the topi-
cal application of local anesthetics and use of 
short electrode needles, thereby greatly enhanc-
ing the tolerability of the vaccination in compari-
son to intramuscular DNA vaccine delivery 
(Roos et  al. 2009). This opens up a whole new 
area of application for the skin-targeted delivery 
of gene-based therapeutics. For more detail on 
the gene delivery using electroporation look at 
Chap. 29 in this volume.

7.6	 �Conclusions and Future 
Prospects

Percutaneous penetration enhancement using elec-
troporation offers a better way to enhance the trans-
dermal drug delivery both in  vitro and in  vivo. 
Electroporation could be applied as a noninvasive 
delivery technique for fast, efficient, and pulsatile 
delivery of a wide spectrum of therapeutic mole-
cules such as small ionized drugs, macromolecules, 
and nucleic acids to the skin, liver, tumor, and other 
tissues. Recently, electroporation has been success-
fully used in clinical practice in cancer electroche-
motherapy and gene electrotransfer for DNA 
vaccines and gene therapies. Irreversible electro-
poration has emerged as a new surgical technique 
for tissue ablation. Various types of electrodes have 
been designed to enhance the efficacy and safety of 
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Table 7.1  Summary of percutaneous penetration enhancement of drugs using electroporation

Drug Electroporation protocol Membrane Enhancement Reference(s)

5-fluorouracil Twenty ED pulses of 
300 V, 200 ms long

Nude mice skin 25-fold Fang et al. (2004)

Alniditan Five ED pulses of 100 V, 
603 ms long

Hairless rat skin 100-fold Jadoul et al. (1998a)

Buprenorphine Twenty ED pulses of 
500 V, 10 ms long

Porcine skin Several folds Bose et al. (2001)

Calcein Different parameters
Different SW pulse 
parameters
SW pulses of 200 V, 15 s 
long

Human skin
Dermatomed pig 
skin
Porcine skin

Up to 10,000-fold
Up to 180-fold
Several folds

Prausnitz et al. (1993a)
Zorec et al. (2013)
Zorec et al. (2015)

Calcitonin ED pulses for 4 h (300 V, 
1 ppm) in combination with 
iontophoresis (5 mA/cm2)

Human epidermis 2-fold Chang et al. (2000)

Cyclosporin A Twenty five ED pulses of 
200 V, 10 ms long

Hairless rat skin 60-fold Wang et al. (1998)

Heparin Different parameters Human skin Up to 100-fold Prausnitz et al. (1995)

hPTH (1–34) Twenty SW pulses of 
300 V, 100 ms long

Porcine skin 20-fold Medi and Singh (2003)

Insulin SW pulses of 100–105 V 
(1 ms long at 1 Hz) in the 
presence of DMPS

Porcine epidermis 20-fold Sen et al. (2002a)

LHRH Single ED pulse of 
1000 V, 5 ms long 
followed by iontophoresis 
(0.5 mA/cm2)
Single ED pulse of 500 V, 
5 ms width every 10 min 
and 30 min iontophoresis 
(0.5 mA/cm2)

Human skin
IPPSF

5–10-fold
3-fold

Bommannan et al. 
(1994)
Riviere et al. (1995)

Mannitol Five ED pulses of 150 V, 
210 ms long

Hairless rat skin Up to 100-fold Vanbever et al. (1998b)

Terazosin HCl Twenty pulses of 88 V 
(Uskin), 20 ms long

Hairless rat skin 14-fold Sharma et al. (2000)

Water Five ED pulses of 250 V, 
330 ms long

Hairless rat skin 100-fold Vanbever et al. (1998b)

Metoprolol ED pulses of different 
voltages

Hairless rat skin Several folds Vanbever et al. (1994)

Nalbuphine Twenty ED pulses of 
500 V, 200 ms long

Nude mice skin 5-fold Sung et al. (2003)

Tetracaine Forty SW pulses min−1 for 
10 min of 130 V, 0.4 s 
long

Rat skin 6.6-fold Hu et al. (2000)

Timolol and 
atenolol

Ten SW pulses of 400 V, 
10 ms long followed by 
iontophoresis 
(3 h × 0.25 mA/cm2)

Human SC Several folds Denet et al. (2003)

Human insulin Ten SW pulses of 300 V, 
10 ms long followed by 
iontophoresis (0.4 mA/
cm2, 60 min)

Rat abdomen 10-fold (glucose 
level)

Tokumoto et al. 
(2006)

(continued)
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electroporation. Generalization of the transport 
using electroporation cannot be done for all the 
drugs and biologically active molecules using 
models. Each individual drug needs to be studied 
separately, because the exact parameters required 
for electroporation depend on both the physico-
chemical properties of the drug and the cell and tis-
sue types to be electroporated. Therefore, 
electroporation can be effectively used for different 
purposes in medicine and biotechnology if proper 
electrical parameters are chosen based on the con-
dition being treated and the characteristics of the 
molecules being delivered. In addition to this, the 
design of safe and noninvasive electrodes and the 
development of miniaturized versions of the elec-
troporator, probably operating on a battery, are 
needed for advancing this technique for routine 
use.
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Therapeutic Applications 
of Electroporation

Muralikrishnan Angamuthu 
and S. Narasimha Murthy

8.1	 �Introduction

Rapid expansion of the field of biotechnology 
yielded a vast number of clinically significant 
peptides, proteins, and other gene-based thera-
peutic agents. A sharp inclination in transition 
toward the discovery and development of afore-
mentioned biological agents has been observed 
in the recent past, owing to better cure rates and 
relatively lesser side effects in treating complex 
diseases. However, administration of such bio-
molecules had been highly challenging and often 
invasive in nature. Classic examples are adminis-
tration of insulin and vaccines, where an alterna-
tive to needle-free delivery is highly desired. 
Transdermal delivery route offers remarkable 
advantages over conventional routes in terms of 
better patient compliance, programmable drug 
delivery, and avoidance of drug destruction in the 
liver and/or gut. However, only a handful of ther-
apeutic agents with a combination of optimum 
distinctive features permeated well across the 
skin’s structural barrier, stratum corneum. 
Transdermal electroporation was pursued as an 
active technique to reversibly compromise this 
barrier functionality of the skin, thus increasing 
the range of therapeutic agents that was delivered 
across it. Electroporation technique was demon-
strated in the early 1970s, and its major applica-
tion was confined to transfection of mammalian 
cells with DNA for gene therapy. This technique 
was adapted in transdermal drug delivery research 
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recently due to its capability of delivering mole-
cules across human skin. In electroporation, 
short-lived moderate to high-voltage pulses are 
applied on the skin to generate temporary aque-
ous pathways in the lipid microstructures present 
in the stratum corneum.

The scope of this chapter is to give an 
insight to the readers about various therapeutic 
applications of skin electroporation technique 
with a concise review of the research 
literature.

8.2	 �Safety and Tolerability 
of Skin Electroporation

The major criteria for clinical inception of novel 
drug delivery platforms center around its safety, 
efficacy, and tolerability. When these goals are 
met, it is likely that the drug delivery technology 
would achieve better commercial success, high 
level of patient acceptance, and compliance 
therefore. Electroporation technique had been 
thoroughly investigated in the past for its potential 
therapeutic applications and significant safety 
and tolerance limits.

Following electrical treatment, the electrical 
resistance of the stratum corneum decreases 
drastically within a range of μs and was found to 
be associated with various changes in skin bio-

physical parameters (Dujardin et  al. 2002; 
Pliquett et  al. 1995). Electroporation-induced 
structural changes in human skin were investi-
gated using differential scanning calorimeter, 
X-ray diffraction technique, and freeze-fracture 
electron microscopy. Results from these analy-
ses confirmed perturbations induced in the lipid 
structural assembly in the stratum corneum 
which was primarily responsible for the drop in 
electrical resistance (Jadoul et  al. 1997, 1998, 
1999). Skin impedance, in in vivo testing in rats, 
decreased by more than fivefolds following ten 
pulses of 1000 V for 100 μs duration, and normal 
values were regained 6 h after the electropora-
tion was finished (Fig.  8.1). However, pulsing 
with ten pulses of 350 V for 5 ms duration took a 
little longer than 6 h to return to pre-pulsing val-
ues. A combination of chromametry, transepi-
dermal water loss (TEWL) measurements 
(Fig.  8.2), and laser Doppler flowmetry was 
employed to assess relevant biophysical changes 
induced in the skin. The measurement of TEWL 
values indicated a significant rise followed by 
highest enhancements observed at 7  min post-
pulsing (for both 350 V and 1000 V) and base-
line regained after 35  min (Fig.  8.3). From 
Fig. 8.4, it was evident that no significant injury, 
cell death, and tissue necrosis were produced in 
the skin following both the pulsing protocols 
(350 V and 1000 V) (Dujardin et al. 2001, 2002).
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Fig. 8.1  Relative 
impedance value 
following pulsing 
protocols, 10× (350 V for 
10 ms), 10x (1000 V for 
100 μs); n = 6 
(Reproduced from 
Dujardin et al. 2002, 222. 
With kind permission 
from Elsevier Inc., USA)
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From a study in pig model, the tolerability of 
electroporation pulses was assessed in relation 
to iontophoresis technique (Riviere et al. 1995). 
In the test group, exponentially decaying pulses 
of magnitude 0, 250, 500, and 1000  V were 
applied followed by iontophoresis treatment 

with 0, 0.2, 2.0, and 10 mA/cm2. In the control 
group, similar electrical pulses were applied but 
without the post-pulsing iontophoresis treat-
ment. An evaluation was performed on the skin 
reactions produced in both groups for compari-
son. In Table 8.1, the first set of data for each 
voltage corresponds to the skin reactions 
induced 5 min after combined pulsing and ion-
tophoresis application. The second set of data 
was collected in a similar fashion after 4  h. 
Although, the occurrence of erythema was 
observed to increase with the pulse voltage, the 
skin reactions were mostly due to iontophoresis 
application and not electroporation. In the con-
trol group, erythema, edema, and petechiae 
were not observed following the electroporation 
treatment alone (not shown in table).

In a clinical study involving electrochemother-
apy treatment for malignant melanoma, a pulse 
protocol comprising eight pulses of 1.3  kV/cm2 
for 100 μs was applied directly onto the tumors 
on the skin surface, in human subjects. Patients 
reported instantaneous contractions in the muscle 
site lying in the vicinity of the site of electropora-
tion application. This effect was attributed to the 
direct electrical excitation of nerves, by the current 
applied to the skin (Byrne et al. 2005). However, 
it was regarded as clinically harmless, and it was 
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Fig. 8.2  TEWL (g/m2 h) after skin electrical treatment at 
the cathode, anode, and control sites; n = 6 (Reproduced 
from Dujardin et  al. 2002, 223. With kind permission 
from Elsevier Inc., USA)

Fig. 8.3  Agile pulse in vivo system from BTX® Instrument Division, Harvard Apparatus Inc., USA, for intradermal 
vaccine and gene therapy (Reproduced with kind permission from Harvard Apparatus Inc., USA)
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concluded that the application of high-voltage 
pulses was very well tolerated. Thus, electropora-
tion was found to be safe for administration in 
human subjects, similar to iontophoresis.

8.3	 �Design Considerations 
for Electroporation Device 
and Electrode Systems 
for Transdermal 
Applications

The advancement of skin electroporation from 
preclinical phase to clinical development and 
eventual routine medical practice mandate the 
development of robust pulse generators and appli-
cator electrodes for electroporation administration 
(Rabussay 2008). The primary focus of the design 
considerations include establishment of clinical 
safety for regulatory approval and patient accept-
ability. Also, design of a compact pulse generator 
and applicator, which is simple and usable by the 
patients, would avoid frequent clinical visits. A list 
of general key variables that should be considered 
during optimization of the design of the electro-
poration device is described in Table  8.2. The 
scope of this section hence provides a brief 
description about the pulse generator, the choice of 
electrode systems available for transdermal and 

Table 8.1  Gross observations of the skin under the active electrode after electroporation treatment of pig skin at dif-
ferent pulse voltages followed by iontophoresis

Pulse Erythema Edema Petechiae

(V) 0.0 0.2 2.0 10.0 0.0 0.2 2.0 10.0 0.0 0.2 2.0 10.0

(Current, mA/cm2) (Current, mA/cm2) (Current, mA/cm2)

0 0.00 1.75 1.25 1.75 0.00 1.75 1.25 1.75 0.00 0.75 0.75 1.50

0.00 0.50 0.50 0.50 0.00 1.00 1.00 1.50 0.00 0.00 0.00 0.50

250 0.00 0.75 1.25 2.00 0.00 0.75 1.50 1.67 0.00 0.00 0.50 1.67

N/A 0.00 0.50 0.00 N/A 0.50 1.00 1.00 N/A 0.00 0.50 1.00

500 1.00 1.25 1.75 2.30 0.00 1.00 1.50 1.33 0.00 0.00 0.00 0.00

N/A 0.00 0.50 0.00 N/A 1.50 1.00 1.00 N/A 0.00 0.00 0.00

1000 2.60 1.25 1.50 2.00 0.80 1.25 1.00 1.75 0.00 0.00 0.25 1.50

1.67 1.00 0.00 1.00 0.67 0.50 1.00 1.00 0.00 0.00 0.50 0.50

For each pulse voltage, first set of data is obtained immediately after treatment, and second set is obtained after 4 h 
(Reproduced from Riviere et al. 1995. With kind permission from Elsevier Inc.)
N/A data not available

a

b

Fig. 8.4  Hematoxylin and eosin stained slides of (a) con-
trol skin and (b) electroporated skin 4 days after pulsing 
with 10× (1000 V for 100 μs). No occurrence of inflam-
mation or tissue necroses was detected following electro-
poration treatment (Reproduced from Dujardin et  al. 
2002, 226. With kind permission from Elsevier Inc., USA)
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intradermal drug delivery, and the functional 
approach toward the electrode systems design.

The pulse generator is the primary source of 
electrical current and can generate either 
square-wave or exponential decay wave patterns, 
based on the intended clinical applications. The 
pulse generators are tunable to produce electrical 
currents of various intensity, pulsatile mode, 
polarity, and duration of time that perfectly suits 
the varied clinical needs and nature of treatment.

A commercially available electroporation 
device ECM® 830 (from BTX® Instrument 
Division, Harvard Apparatus Inc., USA) 
(Fig.  8.5) which works in conjunction with 
Tweezertrode and caliper electrode systems 
(Fig. 8.6) is currently used for various in vitro 
and in  vivo applications. The tip of the elec-
trodes is usually made of metal and/or alloy like 
stainless steel, brass, and platinum with an 
effective surface area ranging from 0.7 to 2 cm2. 

For major applications involving intradermal 
vaccine delivery, a modified pulse generator, as 
the one shown below (Fig. 8.3), was developed 
which works in conjunction with the minimally 
invasive needle-type electrodes (MIE). A MIE is 
inserted into the skin for electropulsing follow-
ing intradermal administration of the vaccines. 
An example to this is a 4 × 4 array of needle-
type electrodes made of trocar-gold (depicted 
below in Fig.  8.7) developed for intradermal 
administration of vaccines (Broderick et  al. 
2011). Also, Inovio® Pharmaceuticals Inc., 
USA, had developed needle-type electrodes that 
possess dual functionality of an injector and an 
applicator electrode. Generally, extra precaution 
should be taken while choosing the conducting 
material and designing the array of needle-type 
electrodes.

A needle-free microelectrode array was fabri-
cated and demonstrated for painless administration 
of transdermal electroporation. The influence of 
different electrode design parameters on level of 
pain induction was evaluated in human subjects 
(parameters: size and skin contact surface area of 
electrode and distance between individual elec-
trodes). Two electropulsing protocols, at the thresh-
old of transdermal electroporation [60 pulses at 
150 V for 1 ms (pulse interval, 0.1 and 1 s)], were 
applied on human forearm using cylinder-type 
electrodes of varying diameter. Under identical 
pulse protocols, electrodes with a larger skin con-
tact surface area were less tolerable than the smaller 

Table 8.2  Design space for electroporation generator 
and applicator – key variables

Component Variables

Generator

Individual pulse 
protocol

Voltage

Pulse length

Polarity

Waveform

Multiple pulse 
protocol

Variables of individual pulse 
protocols

Number of pulses

Frequency [Hz]

Electrode polarity change 
pattern

Applicator

Field strength (V/cm) Distance between electrodes 
at application site

Field homogeneity Electrode shape

Field orientation Electrode shape and relative 
position to application site

Current density and 
resistance

Effective electrode surface 
area

Handle

Safe and ergonomic 
design

Efficient application

Generator – controls pulsing parameters
Electrode design – controls electric field parameters
Modified and adopted from reference (Rabussay 2008, 36)

Fig. 8.5  ECM® 830 Electro Square Porator™ from 
BTX® Instrument Division, Harvard Apparatus Inc., 
USA (Reproduced with kind permission from Harvard 
Apparatus Inc., USA)
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contact surface area electrode (Fig.  8.8). For the 
electrodes of same size, the pain score increased 
with the distance between individual electrodes 
(Fig. 8.9). Based on these findings, an array with 
11 × 11 microelectrodes made of copper (0.36 mm2 
skin contact area) was fabricated for painless elec-
troporation administration in humans. The distance 
between adjacent electrode pads within the micro-
array was fixed at 0.6 mm (Fig. 8.10). In addition, 
the pain scores reported by human subjects during 
electropulsing with microelectrode array and com-
mercially available Red DotTM electrodes (3M 

Health Care, St. Paul, MN, USA) were compared. 
Results indicated that single pulse administration at 
120  V–0.2  ms using Red DotTM electrodes pro-
duced a pain score ~10 against negligible pain 
score reported for 60 pulses administration at 
150  V–0.2  ms using microelectrode array 
(Fig. 8.11).

It was concluded from this study that micro-
electrode array thus fabricated featuring minimum 
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Fig. 8.8  Effect of the diameter of the individual electrode 
on pain sensation in human subjects following electro-
poration with 60 pulses at 150 V–0.2 ms. Black bar repre-
sents pulse interval of 0.1 s and gray bar represents pulse 
interval of 1.0 s. The smaller the diameter of the electrode 
(less skin contact area), the lesser the pain elicited 
(Reproduced from Wong et al. 2006, 559. With kind per-
mission from Elsevier Inc., USA)

Fig. 8.6  Tweezertrodes and caliper electrodes from BTX® Instrument Division, Harvard Apparatus Inc., USA 
(Reproduced with kind permission from Harvard Apparatus Inc., USA)

Fig. 8.7  A prototype development of minimally invasive 
4 × 4 array trocar-gold-coated electrodes for intradermal 
applications (Inovio® Pharmaceuticals, USA) 
(Reproduced from Broderick et al. 2011, 261. With kind 
permission from Nature America Inc., USA)
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skin contact surface area for individual electrodes 
results in low pain induction. Further, the least 
possible distance between individual electrodes, 
from a closely spaced electrodes of opposite polar-
ity, produces shallower electric fields and subse-
quently causes less pain and muscle twitches 

(Wong et  al. 2006). Thus the newly designed 
needle-free “microarray”-type electrodes could 
facilitate painless electroporation of human skin 
for transdermal applications. The results are 
encouraging that significant amount of chemother-
apeutic agents could be delivered through the skin 
portal, with the help of microarray electrodes.

8.4	 �Permeation Enhancements 
by Combined Use 
of Electroporation and Other 
Methods

Though inherently potential, skin electropora-
tion technique employed as a combination with 
other permeation enhancement techniques will 
broaden the scope and efficiency multitude. 
Combined enhancement techniques were often 
proven to increase the overall safety and effi-
cacy of the transdermal drug delivery. Several 
research studies performed in the past have docu-
mented the synergistic effects of the combinations 
like chemical permeation enhancers (CPEs)-
electroporation and electroporation-iontophore-
sis in enhancing the drug permeation across the 
skin tissue. CPEs like polysaccharides (hepa-
rin and dextran), urea, and sodium thiosulfate 
were shown to enlarge and/or stabilize the pore 
size induced by electroporation treatment, when 
used together, and thus led to higher magnitude 
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Fig. 8.10  Schematic representation of the needle-free 
microelectrode array. The distance between electrode 
pads was 0.6  mm with a 0.36  mm2 area of individual 
square electrode. The short distance between the electrode 
pads generates a shallow electric field that breaks down 
stratum corneum temporarily without eliciting pain. The 
microarray is composed of 11 × 11 copper electrodes with 
cathode and anode alternately arranged and connected at 
the back through the supporting material (Reproduced 
from Wong et al. 2006, 560. With kind permission from 
Elsevier Inc., USA)
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of molecular transport across the stratum cor-
neum (Vanbever et al. 1997; Zewert et al. 1999). 
Application of electroporation followed by ion-
tophoresis administration was also shown to 
enhance the efficiency of electroporation in deliv-
ering LHRH (Riviere et al. 1995). The increase in 
efficiency was attributed to the relative increase in 
the transport of molecules through the electropor-
ated skin (Bommannan et al. 1994).

8.5	 �Therapeutic Applications

8.5.1	 �Transdermal Delivery 
of Drugs by Skin 
Electroporation

Extensive studies under various in  vitro and 
in  vivo conditions corroborate the enhanced 
transport of series of test compounds across the 
skin, following electroporation. By optimizing 
parameters like magnitude, order, and duration of 
electrical pulses, desired enhancement in flux 
was achieved for compounds ranging in various 
(i) molecular sizes, (ii) partition coefficient (log P), 
and (iii) net charge. Several in vitro and in vivo 
studies have investigated the superiority of elec-
troporation technique in actively enhancing the 
transdermal permeation of a range of drugs. 
Those drugs include small molecules like fen-
tanyl and timolol (Denet and Preat 2003; 
Vanbever et al. 1996) and moderate-sized mole-
cules like calcein, as well as macromolecules like 
LHRH, heparin, and calcitonin (Bommannan 
et  al. 1994; Chang et  al. 2000; Lombry et  al. 
2000; Prausnitz et al. 1995). Alongside, electro-
poration further increased the flux of lipophilic 
molecules (e.g., timolol) (Denet and Preat 2003), 
hydrophilic molecules (e.g., metoprolol) 
(Vanbever et al. 1994), as well as neutral mole-
cules (e.g., mannitol) (Vanbever et al. 1998b) and 
charged molecules (e.g., heparin) (Prausnitz et al. 
1995) significantly, compared to passive delivery. 
The in vivo studies performed for few therapeutic 
agents like fentanyl, doxepin, insulin, and LHRH 
strongly support the potential clinical applications 
of electroporation-mediated transdermal thera-
peutic systems.

8.5.1.1	 �Fentanyl
The utilization of opioids has been increasing in 
the treatment and management of moderate to 
severe pain lasting from acute to chronic period. 
Fentanyl, a potent opioid, had been extensively 
used to manage moderate pain in clinical situa-
tions like cancer, postoperative care, and pallia-
tive care. Noninvasive route for administration of 
opioids is highly preferred from patients’ compli-
ance standpoint, whereas rapid onset of analge-
sia was of critical concern. Several noninvasive 
modes of fentanyl administrations like oral, 
transmucosal, nasal, and transdermal have been 
well documented in recent reports (Prommer 
and Thompson 2011), and various enhancement 
techniques were investigated with the likeli-
hood of enhancing its transdermal transport and 
bioavailability.

From in vivo study in rats, electroporation led 
to significant enhancement of transdermal flux of 
fentanyl with a shorter lag time for analgesia 
(reduced from several hours to few minutes), 
when compared to passive patch or iontophore-
sis. This was the first in vivo study demonstrating 
that skin electroporation could enhance the trans-
dermal transport of drugs to achieving therapeu-
tic levels (Vanbever et  al. 1998a). Rapid and 
significant increase in fentanyl plasma levels (as 
seen in Fig.  8.12) was associated with strong 
analgesic effects. It was found that application of 
15 pulses of 250 V for 200 ms duration provided 
stronger analgesic effects compared to 15 pulses 
of 100 V for 500 ms. Analgesic effect observed in 
both cases correlated well with the plasma levels 
of fentanyl. The pulsing treatment lasted only for 
5 min, but one-third of the observed peak plasma 
concentration (at 30 min) was achieved immedi-
ately at the end of both 100 V and 250 V pulsing, 
i.e., after 5  min (Table  8.3). Both the applied 
high-voltage pulses produced transient aqueous 
pores in the lipid bilayers which led to rapid sys-
temic levels of fentanyl (comparable to fentanyl 
levels achieved after subcutaneous injections, 
Table  8.4). However, the short pulsing (50  ms) 
was found to load fentanyl in the skin and/or 
underlying tissues to form a drug depot in the tis-
sue that facilitates a sustained drug release over 
time (Vanbever et al. 1998a).
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This preclinical study provided more insight 
into the utilization of electroporation for fen-
tanyl transdermal delivery and a proof for sig-
nificant permeation enhancement of fentanyl by 
electroporation and for its advantages over the 
passive delivery mode. For human use, an elec-
troporation device for transdermal fentanyl 
administration would likely result in (i) rapid 
onset of analgesia, (ii) on-demand drug admin-
istration for breakthrough pain, and (iii) contin-
uous drug release through sustained 
electropermeabilized skin (release from the for-
mulation into the skin and later into 
circulation).

8.5.1.2	 �Insulin
Noninvasive mode of insulin delivery has been 
highly desired as an alternative for parenteral 
administration, and several research studies 
were carried out in the past to identify potential 
alternative delivery methods. Transdermal 
mode of delivery would be ideal to deliver insu-
lin and its analogues. However, owing to the 
large molecular size and high hydrophilicity, 
passive delivery would result in poor transder-
mal permeation of insulin. Recent findings 
from in vivo studies in diabetic rats suggest that 
electroporation has led to the possibility of 
delivering insulin and insulin-loaded nano-ves-
icles through transdermal route. The nano-vesi-
cles (average diameter 85 ± 9.4  nm) were 
prepared from a triblock copolymer (polycap-
rolactone–polyethylene glycol–polycaprolac-
tone). An electroporation protocol (10 pulses of 
100 V for 15 ms) was applied for the adminis-
tration of both insulin and insulin-loaded nano-
vesicles in different test groups (Rastogi et al. 
2010). Post-pulsing, peak hypoglycemic level 
was observed at 1 h for rats administered with 
insulin and 2  h for rats administered with 
insulin-loaded nano-vesicles. However, pro-
longed hypoglycemia was maintained for up to 
24 h for rats administered with insulin vs. 36 h 
for rats administered with insulin nano-vesi-
cles. Confocal laser scanning microscopic anal-
ysis of rat skin, following in vitro electropulsing 
treatment (exactly same as in vivo studies), led 
to the findings that nano-vesicles were 
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pH 5] (n = 8–14) (Reproduced from Vanbever et al. 1998a, 
232. With kind permission from Elsevier Inc., USA)

Table 8.3  Pharmacokinetic variables after fentanyl 
delivery by skin electroporation with 15 pulses of 100 V 
for 500 ms or 15 pulses of 250 V for 200 ms

Variable 100 V pulses 250 V pulses

Cmax (ng/ml) 31 ± 6 34 ± 6

tmax (min) 35 ± 6 48 ± 9

AUC0–6h (ng.ml−1.h) 66 ± 14 70 ± 16

Foams at the cathode and anode were soaked with an 
acidic solution of fentanyl [400 μg/ml in citrate buffer 
0.01 M at pH 5] (n = 8–14) (Reproduced from Vanbever 
et  al. 1998a, 232. With kind permission from Elsevier 
Inc.)

Table 8.4  Comparison between the modes of fentanyl 
treatments in terms of onset time of significant analgesia

Treatment
Onset time 
(min)

15 × (100 V–500 ms) 5

15 × (250 V–200 ms) 5

60 × (500 V–1.3 ms) No effect

Iontophoresis 0.5 mA/cm2–5 min 30

Subcutaneous injection (4 μg/100 g) 15

Controls No effect

Foams at the cathode and anode were soaked with an 
acidic solution of fentanyl [400 μg/ml in citrate buf-
fer 0.01  M at pH  5] (n = 8–14) (Reproduced from 
Vanbever et  al. 1998a, 231. With kind permission 
from Elsevier Inc.)
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accumulated in deeper skin layers forming a 
reservoir which prolonged the release of insulin 
into systemic circulation (Rastogi et al. 2010). 
Hence prolonged hypoglycemic levels were 
maintained in the rats administered with insu-
lin-loaded nano-vesicles. Based on the results 
from above preclinical findings, electroporation 
protocols can be optimized for use in humans 
for transdermal insulin delivery.

In an in  vitro study, incorporation of an 
anionic lipid [1,2-dimyristoyl-3-phosphati-
dylserine (DMPS)] was shown to enhance the 
efficiency of electroporation in transepidermal 
transportation of insulin. The effect of DMPS 
(on insulin transport) during electroporation with 
100 V (1 ms pulse width at 1 Hz) for 10 min was 
investigated across porcine epidermis (Fig. 8.13). 
Electroporation-mediated transepidermal trans-
port of insulin in the presence of DMPS was 
~22-folds higher compared to electroporation 
without DMPS. This enhancement was due to the 
capability of DMPS (also other anionic lipids like 

DOPC and DOPG) to prolong the life of transient 
pores produced in lipid bilayers during electro-
poration (Sen et al. 2002).

Transdermal delivery of insulin could be 
enhanced with application of electroporation in 
combination with nano-vesicle insulin carriers 
and lipid assisted co-enhancement. Electro
poration-mediated transdermal insulin therapy 
for human use would represent an advantageous 
alternative for the subcutaneously administered 
insulin.

8.5.1.3	 �Doxepin and Doxepin-Loaded 
Cyclodextrins

Postherpetic neuralgia is a condition which 
affect nerve fibers in the herpes zoster-affected 
dermatome region, leading to chronic pain. 
Electroporation was found to be useful in loading 
doxepin and doxepin-loaded cyclodextrins in 
deep skin layers for a sustained drug release and 
prolonged therapeutic effects regionally. In addi-
tion, topical application for regional drug deliv-
ery limits the systemic drug precipitation and 
associated adverse events.

In vitro studies were performed using Franz 
diffusion cells with porcine epidermis as the tis-
sue model. In one set of diffusion cells, donor 
compartment was filled with pure doxepin solu-
tion (PDS, 10 mg/ml), and in second set, donor 
compartment was filled with doxepin-loaded 
cyclodextrin solution (CDS, equivalent to 
10 mg/ml of doxepin content). A protocol of 30 
pulses of 120 V for 10 ms was applied for trans-
port studies. Results led to the findings that of 
~300 μg doxepin (from PDS) and ~250 μg of 
doxepin (from CDS) were loaded per square cm 
of porcine epidermis (Fig. 8.14). The doxepin-
loaded epidermis (from both PDS and CDS) 
was then analyzed for drug release kinetics in a 
different set of experiments. The doxepin-
loaded epidermis (from CDS) released drug for 
up to 6 days, whereas doxepin-loaded epidermis 
(from PDS) ceased drug release within 3 days 
(Fig. 8.15). It can be inferred that the cyclodex-
trin–doxepin complex is retained in the epider-
mis longer than the pure drug alone. However, 
the passive delivery of doxepin either by PDS or 
CDS resulted in only negligible doxepin loading 
in porcine epidermis (PDS ~15 μg/cm2 and CDS 
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~5  μg/cm2). Electroporation led to a multiple 
fold increase in the deposition of doxepin-
loaded cyclodextrin which further aided a pro-
longed drug release. Further in  vivo 
investigations were performed in a rat model to 
assess the duration of the analgesic effect. The 
group of rats to which CDS was administered 

using electroporation showed analgesia for up 
to 60 h. Whereas the group of rats to which PDS 
was administered using electroporation showed 
analgesia for only up to 24 h. Prolonged analge-
sia in case of CDS was attributed to the pro-
longed retention of CDS and sustained doxepin 
release from CDS, in the skin. These preclinical 
findings can be used for further optimization of 
the protocol which could be applied for poten-
tial effective clinical use of electroporation-
based treatment modality for postherpetic 
neuralgia.

8.5.1.4	 �Heparin
Heparin is a macromolecule (MW 5–30  kDa) 
which is clinically used as an anticoagulant and in 
the prophylaxis of thromboembolism. The pri-
mary route of heparin administration is through 
continuous i.v. infusion. Oral administration is not 
feasible due to heparin degradation in the gastroin-
testinal tract and extensive metabolism in liver. 
Thus transdermal route would be ideal for contin-
uous administration of heparin and would be 
highly patient compliant. Electroporation was 
found to be useful in enhancing the permeation of 
heparin across human skin in vitro (Prausnitz et al. 
1995). After application of short pulses (1.9 ms) of 
350  V for 1  h, at the rate of 12 pulses/min, the 
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heparin flux was enhanced to 500  μg.h/cm2, and 
these levels were reported to be sufficient to pro-
duce systemic anticoagulation effects. The bio-
logical activity of heparin was retained following 
electroporation treatment and transport across 
human cadaver skin. Based on the results from 
these in vitro findings, utilizing electroporation, it 
is possible to develop clinical prophylactic and 
anticoagulation therapy through transdermal route.

8.5.1.5	 �LHRH
The transdermal flux of LHRH was enhanced sig-
nificantly when electroporation was used in con-
junction with iontophoresis. Although, both these 
techniques involve the usage of electric currents, 
electroporation primarily perturbs the skin barrier 
to form reversible pores followed by a possible 
secondary electrophoresis effect. However, ionto-
phoresis involves driving charged drug species 
across the skin barrier under a constant electric 
current. The transdermal flux of LHRH across the 
human skin (in vitro) was significantly enhanced 
when constant voltage iontophoresis (0.5  mA/
cm2) was applied after a single high-voltage pulse 
(1000 V for 5 ms). A sixfold increase in the flux 
was observed when iontophoresis and electropor-
ation were combined compared to the flux 
obtained after iontophoresis only without electro-
poration treatment. This indicates that the appli-
cation of high-voltage pulses during 
electroporation resulted in the formation of larger 
transdermal transport pathways which was found 
very useful in delivering LHRH (Riviere et  al. 
1995). This study further adds to the proof of the 
concept for potential clinical development of 
electroporation technique for enhancing the trans-
dermal permeation of macromolecules.

8.5.2	 �Vaccines and Genes

Utilization of DNA- and RNA-based vaccines 
finds potential therapeutic use against various 
infectious diseases and cancer. However, the 
immunogenicity was found to be enhanced sig-
nificantly when these vaccines were administered 
intradermally, using the electroporation tech-
nique. Relatively high proportion of professional 

antigen-presenting cells such as Langerhans cells 
and dendritic cells are present in the skin tissue 
which offer an attractive target site for immuniza-
tion (Babiuk et  al. 2000; Kanitakis 2002; Roos 
et al. 2009a).

In several preclinical studies in mice model, 
electroporation has subsequently enhanced the 
immunogenicity (Piggott et  al. 2009; Widera 
et al. 2000). The phenomenon is simply termed 
as gene electrotransfer, which involves transfec-
tion of genetic materials into the host cells in der-
mal tissue, with the aid of the electroporation 
technique.

The immune response produced by a plasmid 
encoding HIV-1 p37Gag was compared between 
conventional intramuscular (i.m.) injections 
and vaccine administration through intradermal 
electroporation (i.d. EP). Several parameters 
like number of immunizations, amount of vac-
cine required for immunization, and interval 
between immunizations were assessed, and the 
results implied that the amount of DNA admin-
istered using i.d. EP (15  μg) induced stronger 
immune responses compared to the amount 
administered using i.m. injections (50  μg), for 
each dose. Moreover, one i.d. EP immuniza-
tion led to similar cell-mediated and antibody 
responses induced by three i.m. immunizations 
(Hallengard et al. 2011). These results have con-
firmed/showed that potentially low doses and less 
frequent DNA administrations were required to 
induce stronger immune responses when elec-
troporation was used together with intradermal 
vaccine administration compared to i.m. injec-
tion of DNA. Moreover, the preclinical findings 
showed that the applied electrical pulses were 
well tolerated in mice model (Roos et al. 2006, 
2009b). Several needle-free vaccine delivery 
technologies utilizing jet injectors like Bioject® 
(Bioject Medical Technologies Inc., Tualatin, 
OR, USA), J-Tip® (National Medical Products 
Inc., Irvine, CA, USA), PharmaJet® (PharmaJet, 
Golden, Colorado, USA), Medi-Jector VISION® 
(Antares Pharma Inc., Exton, PA, USA), and 
HIS-500® (Felton International Inc., Lenexa, 
KS, USA) are currently being investigated to 
simplify intradermal vaccination (Johansson 
et al. 2012).
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8.5.3	 �Transcutaneous Sampling 
of Drugs and Diagnostic 
Analytes

Apart from enhancing transdermal permeation of 
drugs and drug carriers such as polymeric vesicles, 
skin electroporation has potential to be used in a 
variety of medical applications, like transcutaneous 
sampling of analytes, transcorneal drug delivery, 
electrochemotherapy, and irreversible electropora-
tion (Hao et al. 2009; Zupanic et al. 2012).

Skin electroporation enables noninvasive sam-
pling of drugs and diagnostic analytes from der-
mal extracellular fluids, by the diffusion process, 
following reversible permeabilization of the stra-
tum corneum. Conventional sampling methods 
include tissue biopsy and microdialysis tech-
nique, both of which are highly invasive in nature 
and result in pain and discomfort to patients. 
Electroporation-mediated sampling technique 
was used to study the dermatokinetics of drugs, 
which provided an insight into drug efficacy and 
toxicity in treating skin disorders. The transcuta-
neous flux of drugs is proportional to the unbound 
drug level in the dermal ECF, and if one could 
measure the permeability coefficient of the drug, 
its levels in the dermal ECF could be noninva-
sively measured.

Dermatokinetics of acyclovir was studied 
in vivo in hairless rat model utilizing the electro-
poration technique (Murthy and Zhang 2008). The 
efficiency of noninvasive electroporation-mediated 
drug sampling correlated well with the standard 
invasive microdialysis sampling technique 
(Fig.  8.16), and it was found that the nonlinear 
pharmacokinetic parameters were in good agree-
ment with each other (Table  8.5). Based on the 
data from Fig. 8.12, it is likely that skin electro-
poration could be a promising/sampling method to 
perform dermatokinetic studies noninvasively.

Electroporation found major application in the 
noninvasive sampling of analytes from the skin. 
From a preclinical demonstration in diabetic rats, 
blood glucose levels were determined using both 
commercially available blood glucose monitor-
ing device and a conventionally developed elec-
troporation sampling technique (30 pulses of 
120 V/cm2 for 1 ms). The in vivo data were sub-

jected to Clarke’s error grid analysis and results 
indicated that the blood glucose levels assessed 
using the electroporation method were in good 
correlation with the standard glucometer mea-
surements (Murthy et  al. 2008). Figure  8.17, 
demonstrates the significance of the electropora-
tion technique in determining the blood glucose 
levels in a preclinical setting and a potential for 
translation into a technology that would be adapt-
able for effective clinical use in humans.

�Conclusions

Electroporation is an efficient method for 
enhancing transdermal drug delivery that 
expands the range of compounds delivered 
through the skin. It could be a promising alter-
native to invasive methods, as it represents a 
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Table 8.5  Mean pharmacokinetic parameters of acyclo-
vir determined by microdialysis and electroporation tech-
nique (n = 6 ± SD)

Variable Microdialysis Electroporation

Cmax (mg/ml) 11.77 ± 2.62 11.98 ± 2.82

tmax (min) 180 180

AUC0–6h  
(ng.ml−1.h)

2263.13 ± 326.12 2267 ± 254.38

t1/2 78.74 ± 19.26 63.86 ± 15.41

Reproduced from Murthy and Zhang (2008), 250. With 
kind permission from Elsevier Inc
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noninvasive mode of delivery for macromole-
cules (up to at least 40 kDa) and enables a fast 
and/or pulsatile transdermal drug delivery. By 
combining electroporation technique with 
other permeation enhancement methods, a 
wide range of therapeutic agents could be 
delivered through the transdermal route. 
However, pulse protocols and electrode design 
should be tailored and optimized based on the 
chosen co-enhancement technique to maxi-
mize the overall therapeutic efficacy.
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An Electrochemical Transdermal 
Patch for Permeation 
Enhancement

Geoffrey Lee, Britta Schröder, Ulrich Nickel, 
and Elisabeth Meyer

9.1	 �Introduction

A non-iontophoretic, electrochemical transder-
mal patch has been developed and tested that 
works by the hydrolysis of water present in a 
hydrogel between two electrodes. It produces an 
enhanced drug flux through the skin, as has been 
demonstrated both in vitro and in vivo.

9.2	 �A Description 
of the Electrochemical 
Transdermal Device (ECTD)

The ECTD is comprised of a hydrogel drug res-
ervoir (B) laminated at the top and bottom to 
two gauze electrodes (F), as illustrated schemat-
ically in Fig.  9.1a. The hydrogel is enclosed 
within a foam ring (H). The upper electrode is 
laminated via adhesive layer (E) to an imperme-
able backing foil (D). The lower, skin-facing 
electrode is laminated to a layer of pressure-
sensitive adhesive (E) that is covered by a 
removable release liner (I). The device can, in 
principle, be prepared at any size suitable for 
regular passive transdermal systems, for exam-
ple, an active surface area of contact with the 
skin of 1  cm2. Such a patch is illustrated in 
Fig.  9.1b which also shows the two electrode 
contacts used for attachment to an external volt-
age generator for the purposes of this develop-
ment device. The ECTD is attached to the skin 
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via the lower adhesive layer and a potential dif-
ference applied across the two electrodes. The 
shape of the voltage-time plot is variable. In the 
current work, it is an impulse of constant volt-
age lasting for up to 60 s. The result is a pulse of 
drug released from the hydrogel reservoir 
through the skin-facing gauze electrode to the 
skin surface. This single pulse produces a drug 
flux maximum of approximately 30  μg/cm2  h 
through the excised mouse skin lasting for up to 
5  h. A drug plasma concentration of up to 
approximately 300 pg/mL per pulse is achieved 
in humans.

The pulsatile nature of drug release from the 
ECTD makes it potentially suitable as an on-
demand delivery system. A cursory viewing of 
Fig.  9.1a shows that the ECTD is not an 
iontophoresis-type device (Guy et  al. 2001), 
because the skin membrane is not a part of the 
electric circuit existing between the two elec-
trodes. This is a potential advantage of the ECTD 
over iontophoresis, since skin irritation is not 
expected to be a problem because voltage appli-
cation is only intermittent and of short duration 
(≤60  s). The length of the lag phase between 
voltage application and incipient increase in flux 
is short, i.e. 2 h. The time from voltage applica-
tion to maximum flux enhancement is, however, 
longer than is achievable with an iontophoretic 
device.

9.3	 �Previous Device from US 
Patent 5 533 995

It is instructive to start with a description of a 
transdermal device given in US Patent 5 533 
995. The laminated structure of this device is 
illustrated in Fig.  9.2 taken from the patent 
description. It comprises a drug reservoir layer 
(Roy and Flynn 1990) composed preferably of 
agar or carrageenan. This drug reservoir is 
sandwiched between two electrodes (Sathyan 
et al. 2005; Schröder et al. 2012a), the lower of 
which is skin-facing and is permeable to the 
drug or functions as a gate of varying permea-
bilities. Between the skin-facing electrode and 
the skin, there is an optional transit chamber 
(Schröder et al. 2012b). Continuous application 
of an electrical potential results in a current of 
between 0.5 and approximately 5 mA that pro-
duces an enhancing effect on the flux of the 
model drug physostigmine through the excised 
human skin. The authors of the patent recog-
nized that this enhancement is not caused by 
iontophoresis, as the skin is not part of any 
electrical circuit. They suggested that an 
‘active’ transport process of the drug within the 
gel takes place through the skin-facing elec-
trode to the skin surface. The mechanism of this 
active transport was considered to be electro-
phoresis: the electric current produces move-
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1
C

D

E

E

I

F

F

G

G

H

a b

Fig. 9.1  The electrochemical transdermal device (ECTD). 
(a) Schematic cross section through the electrochemical 
patch. A external voltage source, B hydrogel, C spacer,  
D backing foil, E adhesive layers, F electrodes, G adhesive 

layers, H foam ring and I release liner (Figure reproduced 
with permission from John Wiley & Sons from Schröder 
et al. (2012a)). (b) Photograph of device taken from top 
surface to show external electrode contacts
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ment of ionized physostigmine through the gel 
resulting in a build-up of drug concentration in 
the vicinity of the porous skin-facing electrode. 
The enhancing effects achieved required, how-
ever, a continuous application of voltage over 
times between 3 and 6 h.

9.4	 �Electrochemical Mechanism 
of the ECTD

The ECTD differs substantially from that 
described in US Patent 5 533 995. Its manufac-
ture on the laboratory scale has been fully 
described before (Schröder et  al. 2012a). The 
hydrogel is formed using hydroxypropyl cellu-
lose (HPC) (see Table  9.1) that contains either 
1 % w/w fentanyl base (# 1) or 1.57 % w/w fen-
tanyl citrate (# 2). The hydrogel’s pH is adjusted 
by adding suitable quantities of HCl and 
NaOH.  The in  vitro release/permeation behav-
iour of fentanyl from the ECTD was examined 
using excised mouse skin membranes fitted in a 
tailor-made diffusion cell (Schröder et al. 2012a). 
In the first experiment shown in Fig.  9.3a, the 
hydrogel # 1 was used at pH  4.0 together with 
two Ag-coated stainless steel electrodes. Different 
patches were examined whose attributes are 
given in the legend to the applicable Figure. 
Patch A was used in ‘passive’ mode with no volt-

age being applied, and there was consequently a 
slow release from the patch and a low permeation 
through the skin membrane. To patch C, a 2 V 
pulse of 60 s duration was applied at t = 18.5 h 
and also t = 42.5 h. These times were selected to 
enable clear recognition of the effects of voltage 
application. This produces a sharp and lasting 
increase in the permeated drug mass m(t)  – an 
enhanced skin permeation that is maintained over 
many hours, despite the short duration of the 
voltage application. With patch B, an impulse of 
1 V for 60 s at t = 18.5 h produces no permeation 
enhancement. Enhancement requires 2  V when 
replied at t = 42.5  h. There is therefore a mini-
mum voltage somewhere between 1 and 2 V that 
is required to cause enhanced permeation.

Figure  9.3b shows the first derivative of 
each of the plots in Fig. 9.3a which is the flux 

Fig. 9.2  Structure of passive transdermal device from US Patent 5 533 995. The following parts are relevant for a 
comparison with our ECTD. 12 drug reservoir, 13 + 14 electrodes, 15 transit chamber

Table 9.1  The two hydrogel formulations

Substance #1 [% w/w]
#2 [% 
w/w]

Fentanyl base 1.0 –

Fentanyl citrate – 1.57

HPC 2.5 2.5

HCl (5 % w/w) 0.75 0.75

NaCl 0.1 0.1

Sorbic acid – 0.1

Water ad 100 ad 100

NaOH q.s. for pH adjustment

9  An Electrochemical Transdermal Patch for Permeation Enhancement
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of the drug into the acceptor, Δm(t)/Δt in μg 
cm−2 h−1. The 1 V application to patch B pro-
duces no change in flux, whereas the 2 V for 
60 s applied later at t = 42.5 h increases flux by 
some 29 μg cm−2 h−1. This is the same value as 
seen with patch C after a first 2 V application 
for 60 s at t = 18.5 h. The second voltage appli-
cation to patch C at t = 42.5 h is of 3 V for 60 s, 
yet the flux enhancement is only some 21 μg 
cm−2 h−1 despite the higher voltage. Neither this 
weakening of flux enhancement on repeated 

voltage application nor the minimum voltage 
of 1–2 V required to initiate flux enhancement 
indicates an iontophoresis mechanism. Further 
evidence against iontophoresis as an enhance-
ment mechanism is given in Fig.  9.4 which 
shows the effect of substituting fentanyl base 
(hydrogel # 1) with fentanyl citrate (hydrogel # 
2). The iontophoretic mobility of the latter 
should be higher than that of the fentanyl base, 
yet patch D (hydrogel # 2) shows a substan-
tially lower flux enhancement than seen with 

a

b

Fig. 9.3  Measured release/
permeation profiles of 
fentanyl from ETCD 
(hydrogel # 1) through 
excised mouse skin.  
Patch A passive release  
(no voltage application); 
patch B 1 V for 60 s at 
t = 18.5 h and 2 V for 60 s 
at t = 42.5 h; patch C 2 V 
for 60 s at t = 18.5 h and 3 V 
for 60 s at t = 42.5 h.  
(a) Plots of cumulative 
amount of fentanyl in 
acceptor, m(t), versus time. 
(b) Plots of fentanyl flux, 
Δm(t)/Δt, into acceptor 
versus time (Reproduced 
with permission from John 
Wiley & Sons from 
Schröder et al. (2012a))

G. Lee et al.
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the first voltage application to patch C in 
Fig. 9.3b. In addition, the increase to 9 V (patch 
E) gives on first application at t = 15.5  h a 
stronger flux enhancement than with 2 V (patch 
D), but on second application, no further flux 
enhancement effect was observed.

The mechanism of working of the ECTD 
appears to be a straightforward electrolysis at the 
two silver electrodes of the water held in the 
hydrogel. This will occur once the potential dif-
ference across the electrodes is higher than 
approximately 1.5 V at 25 °C (Weast R. Handbook 
of Chemistry and Physics et al. 1985). The elec-
trolysis reaction generates hydroxyl ions at the 
cathode and hydronium ions at the anode which 
in the case of Ag electrodes will alter the pH of 
the hydrogel. Studies on other hydrogels (Murdan 
2003) have shown that the generation of hydroxyl 
ions at the cathode evidently causes deproton-
ation of a weak base dissolved in the hydrogel in 
the vicinity of the cathode. Measurement of the 
bulk hydrogel’s pH in the ECTD indeed showed 
that this increased from 4 to >7 during the course 
of the release/permeation experiments with 
patches B–E, but not with the ‘passive’ patch A. 
As this pH shift affects the whole of the hydrogel 
layer, we expect the dissolved fentanyl to become 
less ionized and have therefore increased perme-
ability through the adjacent skin membrane (Roy 
and Flynn 1990). The advantage of this electro-

chemical mechanism over iontophoresis is the 
use of a brief (60 s) voltage pulse rather than con-
stant current application over hours. Additionally 
the lag phase (τ) between voltage application and 
increase in flux is short, i.e. 2  h. The duration 
between the time point of voltage application and 
that of maximum flux into the receptor is 2.5 and 
6 h (see Figs. 9.3b and 9.4) as shown with mouse 
skin in vitro.

9.5	 �Development of a Suitable 
Hydrogel Formulation 
for the ECTD

Hydroxypropyl cellulose was selected as a gell-
ing agent (see Table  9.1) because it is non-
electroresponsive, i.e. it is non-ionizable and as 
such should show no voltage-induced changes in 
its properties such as swelling or de-swelling 
(Murdan 2003; Scranton et al. 1995). Increase in 
the HPC concentration in hydrogel # 2 from 
1.5 % w/w to 3.5 % w/w has no effect on the flux 
enhancement behaviour on application of 2 V for 
60 s after t = 1 h followed by 3 V for 45 s after 
t = 23.5 h (Fig. 9.5). Both the maximum flux and 
lag time are invariant, despite the different vis-
cosities of the gels of 0.9–5  Pa∙s (shear 
rate = 107  s−1). The electrochemical reaction at 
the electrodes that is necessary to induce flux 

Fig. 9.4  Effect of 
substituting fentanyl 
citrate (hydrogel # 1) with 
fentanyl base (hydrogel  
# 2) on release/permeation 
of fentanyl from ECTD 
through excised mouse 
skin. Patch D (hydrogel  
# 2): 2 V for 60 s at both 
t = 15.5 h and 39.5 h. 
Patch E (hydrogel # 1): 
9 V for 60 s at both 
t = 15.5 and 39.5 h. Plots 
of fentanyl flux, Δm(t)/Δt, 
into acceptor versus time 
(Reproduced with 
permission from John 
Wiley & Sons from 
(Schröder et al. 2012a))
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enhancement is not therefore dependent on the 
gelling agent concentration in the range exam-
ined. HPC used at the concentration of 2.5 % w/w 
is therefore a suitable gelling agent to produce 
adequate gelation without hindering the magni-
tude of flux enhancement.

The presence of 0.1 % w/w sorbic acid as a 
preservative in the hydrogel (see Table 9.1) was 
necessary to meet the antimicrobial efficacy cri-

teria A and B of the European Pharmacopoeia. 
Sorbic acid has bacteriostatic activity in a con-
centration of 0.1 % w/w at pH values below 4.5 
(the initial hydrogel pH is 4.0). Its presence has 
no influence on flux enhancement after applica-
tion of 2 V for 45 s at t = 22.75 h followed by 3 V 
for 60  s at t = 46.5  h (Fig.  9.6). Neither the 
maximum flux nor lag time shows any depen-
dence on sorbic acid content.

Fig. 9.5  Effect of 
concentration of 
hydroxypropyl cellulose 
(HPC) on release/
permeation of fentanyl 
(hydrogel # 2) from 
ECTD through excised 
mouse skin. Voltages of 
2 V for 60 s at t = 1 h and 
3 V for 45 s at t = 23.5 h 
were applied. Plots of 
fentanyl flux, Δm(t)/Δt, 
into acceptor versus time

Fig. 9.6  Influence of 
added sorbic acid to 
hydrogel on release/
permeation of fentanyl 
(hydrogel # 1) through 
excised mouse skin. 
Voltages of 2 V for 45 s at 
t = 22.75 h and 3 V for 
60 s at t = 46.5 h were 
applied. Plots of fentanyl 
flux, Δm(t)/Δt, into 
acceptor versus time

G. Lee et al.
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The presence of a source of chloride ions in 
the hydrogel is essential to achieve any flux 
enhancement on voltage application. This is 
illustrated in Fig.  9.7 where in the absence of 
sodium chloride (patch F) no flux enhancement 
effect is observed after voltage applications of 
either 2 V or 3 V. At the end of the experiment, 
this patch was disassembled, and the pH mea-
sured in the gel had remained unchanged at a 
value of pH  4.0. Without chloride ions, the 
electrolysis reaction will generate and release 
H3O+ at the anode which counters any pH increase 
caused by release of OH− at the cathode. An 
increase in pH is, however, necessary to produce 

any flux enhancement; so the lack of chloride 
ions fully inhibits the work of the ECTD. In the 
presence of chloride ions (patches G and H), the 
silver anode is oxidized to insoluble silver 
chloride during electrolysis which is deposited 
on the anode surface. The resulting discoloration 
of the anode can be directly observed in the 
ECTD shown in Fig. 9.8a taken after two voltage 
applications each of 2.5 V for 60 s at t = 16 h and 
t = 40  h. There is therefore no release of H3O+ 
from the anode into the hydrogel and hence no 
hindrance of the pH increase generated by the 
cathode and necessary for flux enhancement. 
Figure  9.7 also illustrates that a level of 0.1 % 

Fig. 9.7  Effect of sodium 
chloride in hydrogel on 
release/permeation of 
fentanyl (hydrogel # 2) 
through excised mouse 
skin. In all cases 2 V for 
60 s at t = 16 h and 3 V for 
60 s at t = 40 h. Patch F no 
sodium chloride, patch G 
0.1 % sodium chloride and 
patch H 1 % sodium 
chloride. Plots of fentanyl 
flux, Δm(t)/Δt, into 
acceptor versus time 
(Figure reproduced with 
permission from John 
Wiley & Sons from 
Schröder et al. (2012a))

a b

Fig. 9.8  Photographs of ECTD taken after application of 2.5 V for 60 s at t = 16 h and t = 40 h during in vivo study. (a) 
Discoloration of anode. (b) Gas formation in hydrogel (left, anode; right, cathode)
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w/w NaCl in the hydrogel is evidently sufficient 
to ensure this mechanism and hence produce flux 
enhancement.

A maximum of 2 % w/w fentanyl citrate 
could be included into hydrogel # 2 without 
showing crystallization on storage for 2 months 
at 25 °C. At the level of 1.6 % w/w, the hydrogel 
demonstrated therefore acceptable storage 
stability. The influence of the concentration of 
fentanyl citrate in the hydrogel on flux 
enhancement is not as intuitively expected. It is 

illustrated in Fig.  9.9a. After the first voltage 
application at t = 15.5 h, the degree of a maxi-
mum flux enhancement is surprisingly but quite 
clearly inversely proportional to the concentra-
tion of fentanyl citrate. This is a consequence of 
the electrochemical nature of the enhancement 
mechanism. A higher concentration of fentanyl 
citrate will more strongly buffer the OH− gener-
ated at the cathode and hence weaken the 
increase in pH of the hydrogel. The result is a 
less-strong increase in the unionized fraction of 

a

b
Fig. 9.9  Effect of 
fentanyl citrate concentra-
tion (hydrogel # 2) in 
hydrogel on the release/
permeation of fentanyl 
through excised mouse 
skin. In all cases 5 × 2.5 V 
for 3 s at t = 15.5 and 
39.3 h. (a) Effect of 
fentanyl citrate concentra-
tion: 0.8 %, 1.2 % or 1.6 % 
w/w in hydrogel. (b) 
Effect of added citric acid: 
0.8 % w/w fentanyl citrate 
plus citric acid or 1.6 % 
w/w fentanyl citrate 
without added citric acid 
(Fig. 9.9a reproduced with 
permission from John 
Wiley & Sons Schröder 
et al. (2012a))
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fentanyl and a weakened flux enhancement. 
This does not, however, hold true on the second 
voltage application at t = 39.3  h where flux 
enhancement is now more or less directly 
proportional to fentanyl concentration. This 
reversal of behaviour has two likely causes: a 
depletion of drug in the hydrogel reservoir 
caused by the first voltage application or pre-
cipitation of the remaining fentanyl as the pH is 
further increased. Indeed, if the 0.8 % fentanyl 
citrate hydrogel is supplemented with an addi-
tional 0.8 % citric acid, the degree of flux 
enhancement on both voltage applications is 
now directly proportional to drug concentration 
(Fig. 9.9b). The additional citrate yields for both 
hydrogels now the same degree of buffering and 
hence cancels out the effect of citrate on the pH 
shift upon voltage application.

The correct selection of a suitable pressure-
sensitive adhesive (PSA) for the adhesive layer of 
the plaster (G in Fig. 9.1a) is shown to be impor-
tant for flux enhancement. As seen in Fig. 9.10a, 
the silicone PSA shows a substantially higher flux 
enhancement than any of the acidic polyacrylates 
tested. The basic polyacrylates shown in 
Fig. 9.10b are much superior to the acidic polyac-
rylates of Fig. 9.10a, although the silicone PSA 
still gives the largest flux enhancement of any of 
the PSAs examined. Low release rates of a weakly 
basic drug from thin films of a PSA with acidic 
functional groups have been attributed to ionic 
interactions between drug and polymer slowing 
down passive diffusion (9). This would explain 
the lower release/permeation of basic fentanyl 
(pKa = 8.4; Pfister 1997) from the acidic acrylates 
than the basic ones. The solvent-cast PSA layers 
used in the ECTD are, however, water-free which 
calls into question the likelihood of any such ionic 
interactions between drug and polymer. Whatever 
the cause of this is, the silicone PSA was selected 
to manufacture the ECTD.

9.6	 �Selection of the Electrode 
Materials for ECTD

This issue is vital for the correct working of the 
ECTD which requires generation of OH− at the 
cathode without the formation of H3O+ at the 

anode. The electrolysis of water in the hydrogel 
produces this pattern of ion generation when both 
electrodes are of silver, in this case silver-coated 
stainless steel gauze. It does not occur when a 
perforated carbon foil anode is combined with 
the Ag cathode, as illustrated in Fig. 9.11a. Water 
electrolysis at the carbon anode generates H3O+ 
ions which hinder any pH shift in the bulk hydro-
gel induced by creation and release of H3O+ at the 
cathode. A flux enhancement on voltage applica-
tion is therefore lost. Silver is therefore required 
as an anode material combined with chloride in 
the hydrogel; otherwise the electrochemical 
mechanism of flux enhancement cannot occur. 
As an alternative to the silver-coated stainless 
steel gauze, a plasma-sputtered silver-coated 
polyester gauze was also examined. This has 
superior mechanical flexibility and is substantially 
less expensive. A maximum silver coating thick-
ness of 1 μm was, however, achieved which is 
certainly a borderline to provide sufficient Ag for 
the electrolysis process that depletes the silver 
coating on oxidation. This oxidative depletion of 
the Ag coating is clearly visible in Fig. 9.12a and 
b, which shows scanning electron micrographs of 
the Ag-coated stainless steel gauze anodes before 
and after voltage application. The magnitude of 
flux enhancement with this polyester gauze is 
less than half that seen with the silver-coated 
stainless steel (Fig.  9.11b). This behaviour was 
not investigated further because of the 
difficulties  in obtaining a sufficiently thick and 
even Ag coating on the polyester (Hegemann and 
Balazs 2007).

There is more freedom in the selection of the 
cathode, since the electrolytic generation of OH− 
ions at this electrode is required for the electro-
chemical mechanism of flux enhancement. 
Figure  9.13 compares four different cathode 
materials, each combined with the silver-coated 
stainless steel as an anode. On the first voltage 
application of 2 V for 60 s at t = 17 h, the highest 
flux enhancement is given by the palladium-
coated stainless steel cathode, the lowest with the 
carbon cathode. The different magnitudes of flux 
enhancement are a result of different propensities 
of these metals to drive the electrolysis process 
(Yatzici et al. 1995; Gürten et al. 2003). The max-
imum of flux enhancement after the first voltage 
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application corresponds with the total charge 
passed through the hydrogel (Table 9.2). A high 

total charge passed, Q =  o

t

dòi t
 [mC], means high 

electrochemical conversion at the electrodes and 
hence high pH shift and deprotonation of the fen-
tanyl. The magnitude of flux enhancement after 
the second voltage application similarly depends 

a

b

Fig. 9.10  Effect of different pressure-sensitive adhesives 
(PSAs) as adhesive layer in ECTD (E in Fig.  9.1a). 
Release/permeation of fentanyl (hydrogel # 2) through 
excised mouse skin. (a) Comparison of silicone PSA with 
various acidic polyacrylates. Voltages of 2.5 V for 60 s at 
t = 16.25 and 40.25 h (open squares) or at t = 17 and 41 h 
(filled triangle, open triangle) or at t = 18 and 42 h (open 

circles) were applied. (b) Comparison of silicone PSA 
with various basic polyacrylates. Voltages of 2.5  V for 
60 s at t = 16.25 and 40.25 h (open squares) or at t = 17 and 
41 h (open circles, filled and open triangles) or at 18 and 
42  h (filled squares) were applied. Plots of cumulative 
mass of fentanyl into acceptor, m(t), versus time

G. Lee et al.
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on the total charge passed and also strongly on 
the history of total charge passed through the pre-
vious (first) voltage application. A high total 
charge passed during the first voltage application 

that causes a high flux enhancement leads to a 
lower total charge and hence flux enhancement 
after the second voltage application (Fig. 9.13). 
The palladium-coated stainless steel cathode has 

a

b

Fig. 9.11  Influence of anode material on the release/per-
meation of fentanyl (hydrogel # 2) through excised mouse 
skin. (a) Patch I: both cathode and anode are of Ag-coated 
stainless steel, 2 V for 45 s at t = 17 h and 3 V for 60 s at 
t = 43 h. Patch J: Ag cathode and C anode C, 2 V for 25 s, 
3 V for 60 s, 4 V for 30 s at 15.5 h and 4 V for 100 s at 
t = 43  h. Plots of fentanyl flux, Δm(t)/Δt, into acceptor 

versus time ‑(Figure reproduced with permission from 
John Wiley & Sons from (Schröder et  al. 2012a)). (b) 
Comparison of Ag-coated stainless steel anode and 
Ag-coated polyester anode on the release/permeation of 
fentanyl (hydrogel # 1) through excised mouse skin. Plots 
of fentanyl flux, Δm(t)/Δt, into acceptor versus time

9  An Electrochemical Transdermal Patch for Permeation Enhancement



152

therefore the highest charge passed and flux 
enhancement on first voltage application, but a 
much-reduced charge passed and flux enhance-
ment after the second voltage application. The 
stainless steel gives a small flux enhancement on 
the first voltage application, but a larger one on 
the second voltage application at a similar total 
charge passed on either application.

The palladium-coated stainless steel cathode 
has, however, one potential advantage over a 
silver-coated one  – it can absorb hydrogen gas 
(Martin and Lasia 2008). During the electrolysis 

reaction of the hydrogel, the water reduction at 
the cathode generates not only OH− but also 
hydrogen gas, H2. Gas bubbles form and are 
trapped in the hydrogel (see Fig. 9.8b) and may 
impede drug diffusion and release. A palladium-
coated cathode can absorb this H2 to form palla-
dium hydride (Jewell and Davis 2006). To 
examine this further, a second comparison of 
palladium-coated stainless steel and silver-coated 
stainless steel cathodes was performed, using 
repeated brief voltage pulses of only 2 s duration 
to allow sufficient time for absorption of the  

a b

Fig. 9.12  Scanning electron micrograph of Ag-coated stainless steel gauze anode before (a) and after (b) voltage 
applications

Fig. 9.13  Influence of 
cathode material on the 
release/permeation of 
fentanyl (hydrogel # 1) 
through excised mouse 
skin. In all cases, 
Ag-coated stainless steel 
was used as an anode. 
Voltages of 2 V for 60 s at 
t = 17 and 41 h were 
applied. Plots of fentanyl 
flux, Δm(t)/Δt, into 
acceptor versus time

G. Lee et al.
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generated H2 into the palladium (Grden et  al. 
2008). Figure 9.14 shows the result of repeated, 
pulsed voltage applications of 5 x 2.5 V each for 
2 s with a 10 s interval between each, performed 
at t = 16 h and t = 41 h. The behaviour with two 
silver-coated electrodes in Fig.  9.14 is as seen 
before in Fig.  9.13. The maximum fluxes are, 
however, lower after the five 2 s pulses than after 
the single 60 s pulse of some voltage. The silver/

palladium combination (always anode/cathode in 
the following text) in Fig. 9.14 produces surpris-
ingly a much lower first flux enhancement than in 
Fig. 9.12 and consequently a higher second flux 
enhancement. Yet the flux enhancement with the 
silver/palladium is always lower than that of sil-
ver/silver which is the opposite of the effect seen 
in Fig. 9.13. A continuous voltage application of 
2 V over 60 s gives a superior result with silver/
palladium (Fig. 9.13), whereas five repeated 2 s 
pulses of 2.5 V give a superior result with silver/
silver (Fig. 9.14).

The explanation of this behaviour is to be 
found in the strong hindering effect of repeated 
short pulses on the total charge passed through 
the hydrogel with silver/palladium. The current 
[mA]-time plots for silver/palladium with the 
five 2 s pulses of 2.5  V (Fig.  9.15a) show a 
higher 

total charge passed, Q = 
o

t

dòi t  [mC], than 

for 
silver/silver (Fig.  9.15b) with the same 

pulsed voltage applications. This agrees with 
the behaviour for Q in Table 9.2 for the continu-
ous application of 2 V over 60 s. In the case of 

Table 9.2  Use of different cathode materials combined 
with Ag-coated stainless steel anode. Total charge [mC] 
passed during each voltage application of 2  V for 60  s 

(n ≥ 3). Calculated from Q = 
o

t

dòi t

Cathode 
material

Total charge passed through hydrogel 
[mC]

First voltage 
application

Second voltage 
application

Ag-coated 
stainless steel

518 ± 73 327 ± 128

Pd-coated 
stainless steel

948 ± 64 576 ± 36

Stainless steel 547 ± 38 512 ± 85

Carbon 450 ± 38 323 ± 70

Fig. 9.14  Comparison of Pd with Ag as coating on 
stainless steel cathode. Release/permeation of fentanyl 
(hydrogel # 2) through excised mouse skin: pulsed 

voltages of 5 × 2.5 V for 2 s with 10 s interval between 
each application. Plots of fentanyl flux, Δm(t)/Δt, into 
acceptor versus time
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the 2 s pulses, however, there is a reverse current 
flow during each 10 s interval between two 
pulses. This reverse current is 100 times larger 
in the silver/palladium system (Fig. 9.15c) than 
with silver/silver (Fig. 9.15d). This reverse gal-
vanic current has its origin in the reversal of the 
electrochemical reactions at the two electrodes 
(Hamann and Vielstich 2005). Hydrogen is now 

oxidized to protons, and the released electrons 
reduce the sparingly soluble AgCl to Ag. The 
result is a decrease in pH during each 10 s inter-
val between pulses which counteracts in part the 
pH increase occurring during each pulse. Flux 
enhancement on pulsed voltage application is 
therefore less with silver/palladium than with 
silver/silver because of the former’s very high 

Fig. 9.15  Plots of current 
[mA] versus time [s] 
obtained during repeated 
pulsed application to 
electrodes. (a) Pd/Ag, 5 × 
2.5 V each for 2 s. (b) Ag/
Ag, 5 × 2.5 V each for 2 s. 
(c) Pd/Ag, reverse current 
during pauses of 10 s 
between each voltage 
application. (d) Ag/Ag, 
reverse current during 
pauses of 10 s between 
each voltage application

a

b
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reverse current. The reason for silver/palladi-
um’s higher reverse current is most likely the 
absorbed H2 within the crystal ionic lattice of 
the palladium. The oxidizable species is there-
fore still available at the cathode for the reverse 
electrochemical reaction. With silver/silver, the 
H2 escapes as gas and is no longer available. The 
low reverse current with silver/silver decays 
therefore rapidly to zero during the interval (cf. 
Fig. 9.15d).

9.7	 �In Vivo Testing to Humans

The ECTD filled with hydrogel # 2 and with sil-
ver/silver electrodes has been tested in a clinical 
study on six volunteers (Schröder et al. 2012b). 
The essential result is reproduced in Fig.  9.16 
showing the individual plasma profiles of fen-
tanyl concentration (cp(t)). Each subject carried 
two ECTDs with voltage applications of 2.5 V for 
60 s at t = 16 and t = 40 h. A clear jump in concen-

c

d

Fig. 9.15  (continued)
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tration, cp(t), after each voltage application is evi-
dent. After the first application, cp(t) starts to rise 
after 1 h, reaching a plateau at 100–400 pg/mL 
after approximately 10  h. The second voltage 
application causes cp(t) to increase further to 
some 300–900 pg/mL over a time of about 10 h. 
This range is largely maintained until the patches 
are removed at t = 64 h.

The minimal therapeutically effective cp(t) for 
fentanyl during transdermal delivery has been 
reported between 200  pg/mL (Lehmann et  al. 
1988; Woodhouse and Mather 2000) and 600 pg/
mL (Peng and Sandler 1999). The former value is 
reached in Fig. 9.16 after the first voltage appli-
cation with three of the six subjects, but the latter 
requires a second voltage application with the 
same three subjects. These results also show a 
slower response in cp(t) than that induced by ion-
tophoresis. Sathyan et  al. (2005) report plasma 
fentanyl cp(t) of 500  pg/mL within 2  h when 
100 μA was applied continuously to an iontopho-
retic patch.

9.8	 �Further Aspects of the ECTD

Both the in vivo adhesion performance and the 
advent of adverse events during the clinical trial 
were excellent (Schröder et al. 2012b).

�Conclusions

The novel ECTD produces flux enhancement 
of fentanyl up to 30  μg cm−2/h−1 through 
excised mouse skin. In humans it can produce 
therapeutically effective plasma levels after 
duration of some 10 h. The advantage of this 
electrochemical patch over iontophoresis is 
that a strong flux enhancement is achieved 
after only a very short duration of voltage 
application, i.e. 60 s. It does not require a con-
tinual application of current, as with iontopho-
resis (Sathyan et  al. 2005). The concept of 
electrochemical flux enhancement has there-
fore some potential for utility as an on-demand 
transdermal system, but certainly needs to be 
improved and refined.
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10.1	 �Introduction

The skin provides a natural barrier against envi-
ronmental hazards, including permeation of 
chemicals, and, therefore, many drugs cannot 
permeate the skin in therapeutic amounts. To 
overcome this problem, many strategies have 
been developed over the years including appli-
cation of the so-called penetration enhancement 
methods. These enhancement methods are clas-
sified as physical methods and chemical penetra-
tion enhancers (Williams and Barry 2004; Lu and 
Flynn 2009). The skin barrier mainly resides in its 
superficial thin layer, the stratum corneum (SC). 
The intercellular lamellar structure of the SC is 
considered as the main pathway for permeation of 
both hydrophilic and lipophilic drugs (Moghimi 
et al. 1999) and also a target for most enhance-
ment methods. Besides acting on the stratum 
corneum and intact viable epidermis, enhance-
ment methods are expected to affect permeation 
of drugs through skin appendages as well, as was 
shown by Moghimi et  al. (2013) for increased 
permeation of depilatory agents through hair shaft 
by chemical penetration enhancers.

The development of new enhancement meth-
ods is not closed yet and new methods are being 
introduced from time to time. This chapter intro-
duces microwaves as a potential physical percu-
taneous penetration enhancement method. In this 
chapter, physics of microwaves, their biological 
effects, their effects on biological barriers, and 
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finally enhancement effects of microwaves on 
different biological barriers, especially on the 
skin in order to increase percutaneous absorption 
of drugs, will be discussed.

10.2	 �Microwaves

10.2.1	 �Microwaves’ Physics 
and Applications

Microwaves are part of electromagnetic spectrum 
with frequencies ranging from 300  MHz to 
300  GHz and wavelengths of 1  m to 1  mm 
(Fig. 10.1). These waves are at higher frequency 
end of radio waves (30 kHz–300 GHz) (Moulder 
1998; Ku et  al. 2002; Sorrentino and Bianchi. 
2010; Mousa 2011). Therefore, radiofrequencies 
used for mobile communication (450–2200 MHz) 
are part of microwave range too (Mousa 2011). 
However, it is worth to note that there is no spe-
cific phenomenon identifying a precise fre-
quency, and similarly, radiofrequency does not 
correspond to a precise frequency range. But, 
radiofrequency indicates all frequencies used in 
radio technology (Sorrentino and Bianchi. 2010; 
Mousa 2011). Therefore, microwaves are some-
times introduced as a separate band from radio-
frequency in the literature.

Humans have always been exposed to natural 
electromagnetic radiations from different sources 
such as sun and outer space and even earth (e.g., 
microwave emission from rocks during compres-
sion). Today, living systems are more than ever 

exposed to this electromagnetic field due to rapid 
technological progress (Marjanović et al. 2012). 
Originally, microwaves were mainly used for 
communication, as they are being used nowadays 
in wireless communication technology such as 
mobile phone and television. In 1950s, the use of 
microwave energy to heat materials was discov-
ered, and since then, microwaves are being used 
for their ability to heat materials as well. The 
most common application of microwave heating 
is the domestic microwave oven (Stuerga and 
Loupy 2006). However, to avoid interference 
with telecommunication and cellular phone fre-
quencies, heating devices must use industrial, 
scientific, and medicinal frequencies (ISM), e.g., 
915 and 2450 MHz; domestic ovens and labora-
tory systems usually work at 2450  MHz 
(Bradshaw et  al. 1998). Microwaves have also 
been studied for their therapeutic applications in 
areas such as cardiology, surgery, ophthalmol-
ogy, cancer therapy, and imaging (Lin 2006; Xie 
et al. 2006; Kurumi et al. 2007; Lammers et al. 
2011; Toutouzas et al. 2012; Celik et al. 2013).

Microwaves provide some benefits over con-
ventional heating methods. As microwave energy 
is absorbed by certain material, this technique 
allows selective treatment of material during 
heating process (e.g., in drying of pharmaceuti-
cals) and prevents heating of other ingredients 
and containers. Uniformity of warming and 
higher temperature control in microwave heating 
prevent overheating of material and also decrease 
solute migration during drying of pharmaceutical 
solids (Aulton 2007). Other benefits of 
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Fig. 10.1  Location of 
microwaves in the 
electromagnetic 
spectrum, considering 
microwaves as part of 
radiofrequencies (Raw 
data from Moulder 
1998; Ku et al. 2002; 
Sorrentino and Bianchi 
2010 and Mousa 2011. 
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microwaves are rapid heating, penetration into 
the core of material irrespective of thermal con-
ductivities, and higher thermal efficiency (Ku 
et al. 2002; Aulton 2007). In medical treatments 
such as microwave ablation, that is, tumor 
destruction by heating with microwave frequen-
cies, microwaves offer many advantages over 
other thermoablative technologies, including 
higher intratumoral temperatures, larger tumor 
ablation volumes, and faster ablation times. 
Besides, microwave ablation does not require the 
placement of grounding pads (Simon et al. 2005).

However, numerous reports have shown that 
this nonionizing electromagnetic radiation can 
act as a potential health hazard for living sys-
tems, as discussed later. These effects are pre-
sented at all levels of organism from subcellular 
structures to organs and biological membranes, 
including the skin barrier that is the subject of 
the present chapter.

10.2.2	 �Interaction of Microwaves 
and Matter

Microwaves are reflected by metallic objects, 
absorbed by some dielectric materials, and trans-
mitted without significant absorption through 
some other materials. Water, carbon, and foods 
with high water content are good microwave 
absorbers, whereas ceramics and most thermo-
plastic materials absorb microwaves only slightly 
(Taylor and Meek 2005; Stuerga and Loupy 2006).

Electromagnetic waves are composed of dis-
crete units of energy called quanta or photons. 
The energy of these photons (E), that is, a direct 
function of the frequency of wave (f), can be 
found from Planck’s equation (Eq. 10.1):

	 E = =hf hc / l 	 (10.1)

where c is the speed of light in vacuum, h is 
Planck’s constant, and λ is the wavelength.

The interaction of electromagnetic waves and 
mater based on their energy radiated can be clas-
sified into nonionizing and ionizing. In this clas-
sification, microwaves are considered as 
nonionizing radiation (Vorst et al. 2006), as dis-
cussed below.

There are a variety of charges associated with 
mater: inner or core electrons tightly bound to the 
nuclei, valence electrons, free or conduction elec-
trons, bound ions in crystals, and free ions in 
electrolytes. The electromagnetic field can induce 
oscillation of one or more types of mentioned 
charges at a frequency close to the natural fre-
quency of the system. It is well known, e.g., that 
γ-ray or X-ray photons have energies suitable for 
excitation of inner or core electrons and induce 
ionization of atoms. The energy of photons by 
UV radiation is sufficient to induce transition of 
valence electrons of atoms. Electromagnetic 
fields in the infrared range induce atomic vibra-
tion in molecules only, while microwave band 
leads to rotation of polar molecules (Stuerga and 
Loupy 2006; Vorst et al. 2006). The same interac-
tions are expected when human body is exposed 
to electromagnetic fields.

10.2.3	 �Thermal and Non-thermal 
Effects of Microwaves

Nonionizing radiations, including microwaves, 
can produce thermal and non-thermal effects, dis-
tinguished by the relative size of wavelength ver-
sus medium. Heating is the major effect of 
absorption of electromagnetic energy at frequen-
cies of 10 Hz–300 GHz that induces the motion of 
charged particles and rotation of molecules, which 
covers the whole range of microwave radiation 
(300 MHz–300 GHz) (Challis 2005). If the tem-
perature increase is more than 1 °C, the effect is 
considered a thermal effect. In such cases, radia-
tion energy and, particularly, specific absorption 
rate (SAR) are high enough to heat the material 
(including tissues). The thermal effects are related 
to the heat generated by the absorption of micro-
wave energy by substances with suitable electronic 
structure (such as small polar molecules and 
water), characterized by permanent or induced 
polarization (Foster and Glaser 2007). In these 
cases, the electrons try to resonate according to the 
radiation frequency, and the resulting molecular 
frictions produce heat in the system (Aulton 2007).

Some radiations, including microwaves and 
low-level radiofrequency radiation, can cause 
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non-thermal effects, i.e., no obvious increase in 
temperature (less than 1 °C), where the intensity 
is not high enough to change the temperature sig-
nificantly. As discussed later, microwaves show 
different effects on biological systems due to 
their non-thermal effects, such as alteration of 
conformation of macromolecules (like proteins 
and enzymes), which is said to be due to direct 
energy transfer from the electromagnetic field to 
vibration modes of these molecules (Taylor 1981; 
Porcelli et  al. 1997; Laurence et  al. 2000). 
However, contradictory to thermal effects and 
their hazards that are well documented, non-
thermal effects are not well understood and their 
mechanisms are not fully explored. Non-thermal 
effects can occur even at power exposure condi-
tions within the recommended safety standard 
(ICNIRP 1996; Nageswari 2003).

10.3	 �Biological Effects 
of Microwaves and Safety 
Criteria

Microwaves affect biological systems mainly 
through deposition of energy in the form of heat 
(Foster and Glaser 2007). In addition to thermal 
effects, a non-thermal mechanism does also exist. 
Non-thermal effects are very important because 
most common exposure is at low levels of radio-
frequency radiation, which induce non-thermal 
effects (Repacholi 1998). Both effects will be 
discussed here.

10.3.1	 �Thermal Effects of Microwaves 
on Biological Systems

There are many investigations revealing that 
increased temperature higher than 1–2 °C results 
in several biological effects. Effects that have 
been reported to be due to microwave thermal 
effects are cataract formation and corneal lesion, 
change in gonadal function, damage to hemato-
poietic and immune systems, suppression of 
behavioral responses, and many other damages. 
Different mechanisms are behind these effects 
including damage to enzymes, proteins, lipids, 

membrane disruption, and protein aggregation 
(Daily et al. 1950, 1952; Stewart-DeHaan et al. 
1983; Nageswari 2003; CSIRO 2013). Different 
investigations have shown that increased tem-
perature can also affect barrier properties of bio-
logical membranes, which will be discussed in 
details later.

The rate at which the electromagnetic energy 
is absorbed by a tissue in the human body, and 
therefore the possibility and intensity of radiation 
thermal injuries, is quantified by specific absorp-
tion rate (SAR). SAR is the amount of energy 
absorbed per unit mass of the tissue and depends 
on intensity of the electromagnetic field, proper-
ties of the tissue, and distance from the electro-
magnetic source. SAR is expressed in watt per 
kilogram (W  kg−1). Sensitivities of various tis-
sues are different, and usually they are greater 
than 4 W kg−1 (ICNIRP 1998). Most tissues need 
to reach a particular temperature before thermal 
injuries can occur (called critical temperature). 
For example, critical lenticular temperature for 
cataract is reported to be 41 °C, below which the 
effect does not occur (Lipman et al. 1988). Other 
factors, e.g., blood supply of the organ, can also 
affect the intensity of the damage; lower blood 
supply (e.g., in eyes) makes the tissues more ther-
mally vulnerable (Hyland 2000). Therefore, to 
provide a large margin of safety, the standards for 
SAR and intensity are set at 0.4 W kg−1 and 50 W 
m−2 for occupational exposure and 0.08 W kg−1 
and 10 W m−2 for public exposure (ANSI/IEEE 
1992; ICNIRP 1998).

10.3.2	 �Non-thermal Effects 
of Microwaves on Biological 
Systems

Non-thermal biological effects of microwaves 
are those that are not related to increased tem-
perature in the system and can occur even at 
power exposure conditions within the recom-
mended safety standard (ICNIRP 1996), with no 
obvious increase in body temperature (less than 
1 °C). Human body can compensate for the extra 
energy and keep the temperature down during 
low-intensity radiation (Nageswari 2003).
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Many biological effects are attributed to 
non-thermal effects of microwaves. Some of 
well-known interferences are depression of 
phagocytes (Mayers and Habeshaw 1973), 
alteration of blood–brain barrier permeabil-
ity (Persson et  al. 1997; Stam 2010), altera-
tion of cell viability (Ballardin et  al. 2011), 
deoxyribonucleic acid (DNA) damage (Lai and 
Singh 1996; Diem et al. 2005), changes of the 
activity of K+ channels (Geletyuk et al. 1995), 
alterations of membrane structure and func-
tion (Persson et  al. 1992; Phelan et  al. 1992, 
1994), changes in permeability of liposomes 
(Saalman et al. 1991; Ramundo-Orlando et al. 
1994; Mady and Allam 2011), altered enzyme 
activity (Byus et  al. 1984; Allis and Sinha-
Robinson 1987; Vojisavljevic 2011), protein 
structural modification (Porcelli et  al. 1997; 
Chinnadayyala et  al. 2012), and enhancement 
effect on skin penetration (Moghimi et al. 2010; 
Wong and Khaizan 2013). However, in spite of 
all of these reports and evidences, the existence 
of non-thermal biological effects still looks 
controversial and requires further investigation 
(Marjanović et al. 2012).

The exact mechanism of interaction of micro-
waves at non-thermal levels with biological sys-
tems is not fully understood yet. In contrast to 
thermal microwave effects in which SAR or 
power density is the main factors, many other 
parameters are important for non-thermal effects 
(Belyaev et al. 2000, 2005). A resonance-like or 
frequency-dependent interaction that has been 
suggested by Fröhlich (1988) might be used to 
explain microwave non-thermal effects. 
Accordingly, the living system might respond to 
this radiation due to similarity of its oscillation 
with biological endogenous rhythms and there-
fore causes oscillations of a section of mem-
brane, proteins, or DNA.  Another suggested 
mechanism is triggering of the heat shock or 
activation of cellular stress response by altering 
the conformation of proteins by a mechanism 
other than heating (Daniells et  al. 1998; 
Laurence et  al. 2000). Generation of reactive 
oxygen species (ROS) is another suggested 
mechanism. ROS have some beneficial effects 
in cell signaling and cell proliferation. However, 

when its production exceeds antioxidant defense 
mechanism, ROS can lead to cellular damage 
(Marjanović et al. 2012).

10.3.3	 �Effect of Microwave 
on Biological Membranes

There are strong evidences showing that micro-
waves may alter structural and functional proper-
ties of biological membranes at subcellular level 
to epithelia, from lipid bilayers to proteins and 
ionic channels and pumps at different cells and 
organs (e.g., see Brovkovich et al. 1991; Geletyuk 
et  al. 1995; Moghimi et  al. 2010; Yu and Yao 
2010; Wong and Khaizan 2013). Actually, cell 
membranes are considered to be one of the major 
targets for microwave radiation as these struc-
tures are theoretically considered to be sensible 
to coherent excitations above 109  Hz (Fröhlich 
1988). In this section studies about the effects of 
this nonionizing radiation on cells (as example 
for simple cellular membranes) and blood–brain 
barrier (as example for membranes with tight 
junctions) will be discussed. The effects on skin 
barrier will be provided in details in the next 
section.

The effects of microwave radiation on differ-
ent properties related to cells and microorgan-
isms including, but not limited to, viability 
(Atmaca et  al. 1996), structural changes (Kim 
et  al. 2008), decontamination (Shamis et  al. 
2008), and permeability (the subject of present 
work) have been investigated over the years, 
among which, a few studies related to barrier 
properties will be discussed here.

Fang et  al. (2011) studied the effect of low-
dose microwave radiation (2.45 GHz, 1.5 W g−1) 
on Aspergillus parasiticus to find that microwave 
and conventional heating treatment both caused 
increased cell membrane permeability, verified 
by increase in Ca+2, protein, and DNA leakage. 
However, the mechanisms of action of conven-
tional heating and microwaves were found to be 
different, as discussed below. Conventional heat-
ing increased electrolyte leakage through loss of 
enzyme activity within the cell membrane, while 
microwave irradiation induced influx of Ca+2 
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through increased membrane fluidity that opened 
Ca+2 channels. In agreement to this investigation, 
Shamis et al. (2011) studied the effect of micro-
wave on E. coli at a frequency of 18  GHz and 
showed that upon microwave treatment, E. coli 
cells exhibited a cell morphology different from 
that of cells treated with conventional heating 
procedure. Moreover, confocal laser scanning 
microscopy revealed that fluorescein isothiocya-
nate conjugated dextran was taken up by the 
microwave-treated cells, suggesting that pores 
had formed within the cell membrane.

Webber et  al. (1980) showed in  vitro ultra-
structural changes in mouse neuroblastoma cells 
under exposure to microwave pulses at 2.7 GHz 
and also conventional heating method. They 
showed that cells remained viable and main-
tained normal architecture without any mem-
brane damage at low level of microwave radiation, 
while very drastic damages occurred when cells 
were exposed to an increased level of the radia-
tion. It was shown that at 3.9 KV cm−1 microwave 
for 60 s, the membrane was broken and the cell 
became leaky due to large number of breaks in 
the cell membrane. As similar changes were not 
seen by heat alone, it was suggested that these 
microwave effects may be non-thermal in nature 
(Webber et al. 1980).

As an example for a more complex barrier, the 
effects of microwaves on the blood–brain barrier 
(BBB) are discussed here. The mammalian brain 
is protected by the hydrophobic blood–brain bar-
rier, which prevents harmful substances from 
reaching the brain tissue. This barrier consists of 
vascular endothelial cells of the capillaries with 
tight junctions between these cells (Nittby et al. 
2009). It has been shown that microwave fre-
quencies (2.5–3.2 GHz) that increase brain tem-
perature to values above 40 °C can increase BBB 
permeability. However, microwave irradiation 
fails to open the BBB when brain temperature is 
kept below 40 °C. These data suggest that hyper-
thermia is an effective mechanism for opening 
the BBB (Sutton and Carroll 1979; Moriyama 
et al. 1991). In this direction, neuronal albumin 
uptake in the brain was shown to be dose depend-
ently related to brain temperature, once tempera-
ture increased up to 1 °C or more (Kiyatkin and 

Sharma 2009). The permeability enhancement 
effect is said to be dependent on the degree of 
temperature rise, electromagnetic field SAR 
(energy absorbed per unit mass), duration of 
exposure, and the rate of heat distribution and 
dissipation in the body (Stam 2010).

Besides the above-mentioned thermal effects, 
several findings have also been reported on the 
non-thermal effects of microwaves on permeabil-
ity of the blood–brain barrier. Increased leakage 
of fluorescein after 30 min of pulsed and continu-
ous wave exposure (Frey et al. 1975) and passage 
of mannitol, inulin and dextran at very low energy 
levels have been reported (Oscar and Hawkins 
1977). Töre and coworkers also showed albumin 
extravasation in rats exposed for 2 h–900 MHz at 
SAR values of 0.12, 0.5, and 2 W kg−1, which are 
expected to show non-thermal effects (Töre et al. 
2001, 2002).

10.4	 �Enhancement Effects 
of Microwaves Toward Skin 
Permeation

To affect skin permeation, microwaves should 
penetrate the skin barrier. There is no full investi-
gation available in terms of penetration depth of 
microwaves into human body and tissues. 
Radiofrequencies (including microwaves) may 
be absorbed, reflected, or pass through the tis-
sues. The penetration depth depends on different 
factors including radiation frequency and energy 
absorption by tissue components. As microwaves 
absorption in the body is mainly by water, tissues 
with lower water content have significantly less 
absorption and, therefore, allow deeper micro-
waves penetration (reviewed by Kitchen 2001). 
The penetration depth depends on the radiation 
frequency as well and increases with decreased 
frequency (Kitchen 2001). The penetration depth 
of microwaves into human body is reported to be 
less than 1  mm for frequencies above 25  GHz 
(Stewart et al. 2006). Tamyis et al. (2013) showed 
that the penetration depth of microwaves in 
human volunteers’ skin is less than 0.8 mm for 
frequencies of higher than 30 GHz and reaches to 
about 1 mm when the frequency is decreased to 
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20 GHz. Microwaves can reach to deeper parts of 
the skin and body at lower frequencies (Adair 
2003; Khounsary 2013). As far as the skin barrier 
is concerned, investigations have shown that 
2.45 GHz microwaves affect transdermal perme-
ation of drugs, a good indication that microwaves 
can penetrate and affect the skin barrier (Moghimi 
et al. 2010; Wong and Khaizan 2013). Besides, 
Wong and Khaizan (2013) showed that 2.45 GHz 
microwaves affect Raman and FTIR spectra of 
dermis, an indication that microwaves are able to 
affect skin layers beyond the epidermis.

So far, the investigations on the effects of 
microwaves on the skin have been limited mainly 
to areas other than permeation studies, such as 
heat shock protein changes in the skin as a result 
of mobile signals (Sanchez et al. 2007), protein 
expression in the human skin (Karinen et  al. 
2008), enhanced healing process of septic and 
aseptic wounds in rabbits (Korpan et  al. 1994), 
and the treatment of the skin lesions caused by 
Leishmania major (Eskandari et  al. 2012). 
However, surprisingly, there are only a small 
number of studies reported on the effects of 
microwaves on the skin permeation of drugs, as 
discussed later.

It is well known to the experts of the area of 
transdermal drug delivery that increased temper-
ature can increase percutaneous absorption of 
most drugs. On the other hand, it has been shown 
that microwaves produce both thermal and non-
thermal effects in the skin (Adair 2003; Stewart 
et al. 2006) and that they can increase human skin 
surface temperature (Walters et al. 2000). At very 
high frequencies (higher than 10 GHz), there is 
significant heating of the skin from even 10 mW 
cm−2, as all of the energy is absorbed in a small 
region. These effects can be considered as indi-
rect indications for the ability of microwaves to 
increase the percutaneous absorption of drug, 
through their thermal effects.

The first investigation on the effects of micro-
waves on percutaneous absorption of drugs was 
performed by our group (Moghimi et al. 2010). 
This investigation employed nitrofurazone as the 
model penetrant and microwaves at 2.45  GHz 
and 3–120  W.  The investigation revealed that 
microwaves increase permeation of nitrofurazone 

through their non-thermal effects in a time-
dependent and power-dependent manner 
(Moghimi et  al. 2010). Recently Wong and 
Khaizan (2013) investigated the microwave-
induced transdermal drug permeation enhance-
ment and showed that under exposure of 
microwaves at 2.45 GHz, skin permeation of sul-
phanilamide increases in a time-dependent man-
ner. Using these two studies and some other 
related investigations, we try in the following 
sections to elucidate the properties and mecha-
nism of microwave-induced enhancement toward 
skin permeation of drugs.

10.4.1	 �Effects of Microwaves’ 
Intensity and Exposure Time 
on Skin Barrier Performance

Table 10.1 provides the effects of different inten-
sities of microwaves (3–120 W) for two different 
exposure times on the permeation of nitrofura-
zone through rat skin at 30 °C. The results indi-
cate that microwaves are able to improve 
percutaneous absorption of nitrofurazone in a 
power-dependent manner, in a way that by 
increasing the power from 3  W to 120  W, the 
enhancement ratio increases from 1.1 to 2.7 
(Moghimi et al. 2010). These experiments were 
performed at constant temperature and show that 
microwaves can increase percutaneous absorp-
tion of drugs through its non-thermal effects. 
These data are in agreement with Nakai et  al. 
(2002), who reported that microwaves increase 
diffusion coefficient of CO2 through cellulose 
acetate membrane and that the enhancement 
effects increase with the microwave intensity 
increase for quantities of 100, 300, and 
500 W. Wong and Khaizan (2013) also showed 
that treatment of the skin by microwave at 
2450  MHz increased permeation of sulphanil-
amide and that the enhancement effect was 
increased significantly when the exposure time 
was increased from 2.5 min to 5 min. In addition, 
they showed that by increasing the duration of 
exposure to values of higher than 5  min at the 
same frequency, the skin color was changed from 
whitish to brownish that revealed heat–burn 
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effects of microwave. The same burning effect 
was reported by the same group for lower expo-
sure times (<5 min) when skin samples were 
exposed to lower frequency of 915 MHz (Wong 
and Khaizan 2013).

Moghimi et al. (2010) used two protocols of 
90 and 45-min exposure times with resting inter-
vals of 45 and 90 min, respectively, at different 
intensities of 15–120 W, and showed that equal 
microwave energies (or power intensity × expo-
sure time) provide equal enhancement ratios for 
permeation of nitrofurazone through rat skin, 
irrespective of the delivery protocol (Table 10.2). 
This shows that the amount of delivered energy 
seems to be a key factor for the skin permeation 
enhancement effect of microwaves. Such a 
behavior allows alteration of the enhancement 

ratio and, therefore, drug input rate, through 
either adjustment of the exposure time or tuning 
the intensity of the microwaves. Besides, both 
above-mentioned protocols were of pulsatile 
type, i.e., employed resting time intervals. 
Therefore, these data show that, e.g., two sepa-
rate 45-min exposures with 90-min resting inter-
val equal one 90-min continuous exposure in 
terms of absorption enhancement ability. This 
might show that the enhancing effect of micro-
waves is cumulative, at least for the conditions 
used in this investigation (Moghimi et al. 2010). 
In this direction, it has been reported that damage 
induced by electromagnetic radiation is cumula-
tive (Hardell and Sage 2008). Such a property 
should be considered in design and application of 
microwave devices to guarantee optimized drug 
delivery and also guarantee safety of the patient.

10.4.2	 �Stratum Corneum Lipid 
Disruption by Microwaves

Wong and Khaizan (2013) showed reduction of 
hydrogen bonding in microwave-treated rat skin 
by Fourier transform infrared spectroscopy 
(FTIR) and concluded that microwaves interact 
with keratin and/or polar moieties of lipid materi-
als in the stratum corneum. Moreover, analysis of 
Raman spectra of the epidermal membrane by 
the same group showed that the polar lipids con-
vert from ordered to disordered state. This alkyl 
chain-packing fluidization was attributed to 

Table 10.1  Effects of microwave power intensity on permeability coefficient (Kp) of nitrofurazone through rat skin 
using two different time protocols

Power (W)

On/off = 45 min/90 min On/off = 90 min/45 min

Kp
(cm h−1 × 103) Enhancement ratioa

Kp
(cm h−1 × 103) Enhancement ratioa

0 (control) 8.0 ± 1.31 – 8.0 ± 1.31 –

3 8.8 ± 0.92 1.1 10.1 ± 1.52 1.3

15 10.0 ± 2.29 1.3 11.9 ± 2.0 1.5

30 13.5 ± 3.69 1.7 19.3 ± 2.28 2.4

60 17.9 ± 3.09 2.4 21.0 ± 4.04 2.6

120 21.2 ± 1.34 2.7 26.6 ± 3.22 3.3

From Moghimi et al. (2010)
Data are mean ± SD (n = 4–5)
aTreated/control values

Table 10.2  Equal enhancement ratios of microwaves 
toward skin permeation of nitrofurazone at equal energies 
(power intensity × exposure time) for different exposure 
times and microwave powers

Microwave power × exposure 
time = energy

Enhancement ratio

90-min 
exposure 
cycles

45-min 
exposure 
cycles

15 W × 90 min =  
30 W × 45 min = 8.1 KJ

1.7 1.5

30 W × 90 min =  
60 W × 45 min = 16.2 KJ

2.4 2.4

60 W × 90 min =  
120 W × 45 min = 32.4 KJ

2.7 2.6

From Moghimi et al. (2010). See text and Table 10.1 for 
more details
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increased permeation of sulphanilamide through 
microwave-treated abdominal rat skin (Wong and 
Khaizan 2013).

Moghimi et al. (2010) came to the same con-
clusion through another approach as discussed 
below. It has been shown that the enhancement 
effect of some penetration enhancers is tempera-
ture dependent, indicating that the mechanism of 
action of the enhancer and effects of thermal 
energy on the barrier might be the same, as was 
shown for the effects of cineole toward permeation 
of 5-fluorouracil through stratum corneum model 
lipid membranes (Moghimi et  al. 1997). This 
phenomenon was investigated for the effects of 
microwaves on percutaneous absorption of drugs 
as well. To perform this investigation, considering 
the main transition temperature (Tm) of the skin 
that is around 35–37 °C, the effects of 2.45 GHz 
microwaves on the permeation of nitrofurazone 

were investigated by Moghimi et  al. (2010) at 
four different temperatures of 25 and 30  °C 
(below Tm), 37 °C (at Tm), and 42 °C (above Tm). 
Results (Fig.  10.2 and Table  10.3) showed that 
while both microwave and temperature increase 
the permeability coefficient of the penetrant 
through rat skin, microwave enhancement ratios, 
calculated as the microwave-treated/untreated 
permeability coefficients at any given tempera-
ture, show a parabolic relationship with tempera-
ture, i.e., an increase in the enhancement ratio up 
to 30  °C and decrease at higher temperatures 
(Moghimi et al. 2010).

Moghimi and coworkers performed the above-
mentioned experiment at a controlled constant 
temperature for each temperature point to avoid 
thermal effects of microwaves. Therefore, the 
observed parabolic relationship between micro-
wave enhancement effects and temperature 
(Fig. 10.2 and Table 10.3) might show that non-
thermal effects of microwaves and heat obey a 
same mechanism or share the same sites of action 
for their permeation enhancement action. As a 
result, when the barrier properties of the skin are 
reduced by temperature, less room is left for 
microwave effects. Such a parabolic relationship 
between enhancement ability of chemical pene-
tration enhancers and temperature has also been 
reported for permeation of 5-fluorouracil through 
a lamellar lipid structure model of human stratum 
corneum intercellular domain (Moghimi et  al. 
1997). On the other hand, it has been shown that 
heating the human skin in the range of 25–80 °C 
affects only the lipids, while proteins are affected 
at temperatures above 100  °C (Al-Saidan et  al. 
1998). Therefore, the enhancement effects of 
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Fig. 10.2  Effects of temperature on enhancement ratios 
of microwaves (2.45 GHz, 60 W) toward permeation of 
nitrofurazone through rat skin, indicating a parabolic rela-
tionship between enhancement ratio and temperature 
(Raw data from Moghimi et  al. 2010). Enhancement 
ratios are calculated as microwave-treated/untreated per-
meability coefficient for any given temperature

Table 10.3  Effects of temperature on the enhancement effect of microwaves (2.45 GHz, 60 W) toward permeation of 
nitrofurazone through rat skin

Temperature
(°C)

Permeability coefficient
(cm h−1 × 103) Enhancement ratio

(Microwave/untreated)Untreated Microwave

25 7.04 ± 1.66 12.5 ± 1.72 1.7

30 8.0 ± 1.31 17.9 ± 3.09 2.4

37 10.6 ± 2.56 20.9 ± 2.37 1.9

42 12.1 ± 2.00 18.5 ± 2.97 1.5

From Moghimi et al. (2010)
Data are mean ± SD (n = 4–5)
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temperature toward permeation of nitrofurazone 
through rat skin might be attributed to the lipid 
domain of the skin barrier, and, considering the 
above-mentioned parabolic relationship and 
related discussions, it was concluded that micro-
waves’ non-thermal effects arise mainly from 
disruption of lamellar lipid structures of the stra-
tum corneum (Moghimi et  al. 2010). In agree-
ment to this conclusion, Wong and Khaizan have 
recently reported that while application of micro-
waves at 2450 MHz for 5 min was able to fluidize 
the lipid structure of rat epidermis, the increase in 
temperature at the same condition was negligible 
(about 1  °C, from 30 to 31  °C), indicating that 
microwave non-thermal effects are able to fluid-
ize stratum corneum lipid structure (Wong and 
Khaizan 2013).

Our group has also investigated the effects of 
coadministration of oleic acid (a lipid fluidizer) 
and microwaves (at 2.45 GHz and 60 W) on the 
permeation of nitrofurazone through rat skin 
(Alinaghi 2006). Results showed that while the 
enhancement ratios of oleic acid alone and micro-
waves alone were 2.7 and 2.2, respectively, the 
enhancement ratio of the combination was around 
2.9 (Fig.  10.3). These data indicate that micro-
waves had not been able to show a significant 
enhancement effect in the presence of oleic acid 
(Alinaghi 2006). Oleic acid is well known for its 
fluidizing effect on stratum corneum lipids 
(Williams and Barry 2004), and again these data 
suggest that microwaves impose their effect 

mainly through fluidization of the stratum cor-
neum lipids (Alinaghi 2006). The slight increase 
in enhancement by microwaves in oleic acid-
treated samples (from 2.7 to 2.9) might be due to 
further fluidization of lipids by microwaves 
(Alinaghi 2006). Another possibility is increased 
permeation of oleic acid by microwaves as was 
reported by Wong and Khaizan (2013) who 
showed that treatment of rat skin by microwaves 
(2.45 GHz for 5 min) increases oleic acid uptake 
by epidermal membrane and that permeation of 
sulfanilamide under combination of oleic acid 
and microwaves is more than those of micro-
waves alone or oleic acid alone. Wong and 
Khaizan (2013) also found that the effects of 
oleic acid on epidermal membrane spectra, as 
studied by Raman and FTIR spectroscopy meth-
ods, are similar to that of microwave treatment 
(2.45 GHZ for 5 min).

As discussed above, microwaves are able to 
affect the lipid bilayer structures of biological 
membranes. Liposomes are good models for 
mechanistic studies on biological lipid bilayers, 
including the effects of microwaves. Gaber and 
coworkers (2005) studied the effect of 900 MHz 
microwave irradiation at 12 W kg−1 SAR on the 
bilayer permeability of liposomes (made from 
egg phosphatidylcholine) using light-scattering 
techniques. FTIR and nuclear magnetic reso-
nance (NMR) studies as well as optical anisot-
ropy measurements were employed to reveal 
structural alterations in exposed vesicles. Results 
showed conformational changes and disordering 
in the hydrocarbon acyl chain of liposomal lipids. 
Also a significant increase in leakage of lipo-
somes above their transition temperature upon 
exposure to microwaves was observed. They 
revealed that this could be attributed to a transient 
pore formation in the liposomes lipid bilayers 
(Gaber et al. 2005).

Beneduci et  al. (2012) studied the effect 
of microwaves at 53–58  GHz on dimy
ristoylphosphatidylcholine multilamellar 
liposomes using 2H-NMR and showed that 
microwaves induced a reduction of water order-
ing at the membrane interface. Besides, they 
found that microwaves shifted the ripple-to-fluid 
transition temperature of the bilayers from 25 °C 
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Fig. 10.3  Enhancement effects of microwaves (MW) 
and oleic acid (OA) toward permeation of nitrofurazone 
through rat skin. Microwaves were used at 2.45  GHz 
and 60  W at constant temperature (Raw data from 
Alinaghi 2006)
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to 27 °C. This microwave-induced upward shift 
of the transition temperature was attributed to the 
non-thermal effects of microwave on the lamellar 
lipid bilayers (Beneduci et al. 2012).

It is obvious from the above-mentioned argu-
ments that the intercellular lamellar lipid struc-
ture of the stratum corneum is an important target 
for both thermal and non-thermal effects of 
microwaves.

10.5	 �Conclusion and Future 
Horizons

It is clear that microwaves are able to increase 
percutaneous absorption of drugs through their 
both thermal and non-thermal effects. The effec-
tiveness and enhancing capacity of this enhance-
ment method depend on exposure time, applied 
power, and the used frequency. It is also clear that 
microwaves impose their enhancement effects, at 
least in part, through fluidization of the intercel-
lular lipids of the stratum corneum. Microwaves 
can be considered as a potential physical enhance-
ment method for transdermal drug delivery. 
Besides, as microwave generators are electronic 
devices, they have the potential to be used for 
programmed/bioresponsive drug delivery. This 
technique is expected to open new horizons in the 
field of transdermal drug delivery, alone or as a 
combination with other enhancement methods 
such as chemical penetration enhancers.

However, application of microwaves as a 
percutaneous absorption enhancement method 
is still in its infancy. Further investigations are 
required for full analysis and mechanistic inves-
tigation of the effects of microwaves on the skin 
barrier, including their effects on lipids, pro-
teins, and skin appendages. Also as microwaves 
work at molecular levels, the effects of physico-
chemical properties of the penetrants also 
deserve a full investigation. Finally, as micro-
waves can damage tissues in certain intensities 
and frequencies, this enhancement method 
should be investigated for optimized conditions 
to prevent unnecessary damages to the skin or 
other body organs.
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Photoacoustic Waves as a Skin 
Permeation Enhancement Method

Gonçalo F.F. Sá, Carlos Serpa, and Luis G. Arnaut

11.1	 �Introduction

The skin is the largest organ of the human body. 
It maintains a homeostatic relation between the 
outside and inside environment while assuring 
sensory, protective, and metabolic functions. The 
unique multilayered structure of the skin restricts 
the routes for transdermal drug delivery, mainly 
because of its thin and tightly packed outer layer, 
the stratum corneum (SC). This layer consists of 
dead cells, corneocytes, stripped of their cellular 
organelles and replaced by keratin filaments, 
embedded in an extracellular matrix of lipids. 
The interconnected lipid domains offer a rela-
tively homogeneous path across the SC.  It has 
been shown that the transdermal delivery of large 
molecules can be facilitated by expanding the 
extracellular domains of the SC with high-
frequency (16  MHz) ultrasound (Bommannan 
et  al. 1992), low-frequency (20–25  kHz) sono-
phoresis (Paliwal et  al. 2006; Lee et  al. 2010), 
and high-impulse shock waves (Menon et  al. 
2003; Doukas and Kollias 2004) or with the use 
of surfactants (Menon and Elias 2001; Prausnitz 
et al. 2012). This chapter addresses the transder-
mal delivery of very large molecules (molecular 
weight (MW) > 800  kDa) using photoacoustic 
(PA) waves.

PA waves are pressure waves of ultrasonic fre-
quencies generated by the absorption of a short 
laser pulse by a suitable material. The process of 
light absorption by a dye present in the material 
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first changes the electronic distribution of that 
dye from the ground state to an electronically 
excited state. Next, the excited state returns to the 
ground state converting its excess energy into 
heat. As will be discussed in detail below, this 
decay to the ground state should be very fast and 
occur within the duration of the laser pulse. The 
heat released to the material where the dye is 
embedded leads to the thermoelastic expansion 
of the material, i.e., to a change in volume. The 
volume change in the material launches a pres-
sure (photoacoustic) wave with intensity propor-
tional to the amplitude of the transient heat pulse 
and to the thermoelastic properties of the mate-
rial. The heat conduction in the material ensures 
that the perturbation caused by the rapid 
transformation of the radiative energy of the laser 
pulse into thermal energy is rapidly dissipated. 
Thus, the absorption of one laser pulse leads to 
one pressure transient. PA waves differ from 
ultrasound waves because they are single, rather 
than continuous, events. Figure 11.1 shows a typ-
ical PA wave in comparison with an ultrasound 
wave of 1 MHz.

PA waves also differ from shock waves. Shock 
waves are efficiently generated by lasers with 
high fluence rates, capable of producing optical 
breakdown or ablation of a target, whereas PA 
waves are generated in the thermoelastic regime 
at lower laser fluence rates. Optical breakdown 
occurs when the radiative energy at a certain 
point and in a given moment attains powers of 
several megawatts (MW) and produces a strong 
local ionization of the medium, followed by 
explosion. The ablation of a target is character-
ized by the removal of material from its surface 
due to vaporization or chemical transformations 
and produces a shock wave that travels in the 
bulk of the material. Both optical breakdown and 
ablation are destructive processes that release 
material together with large amounts of energy, 
and their light-to-pressure conversion efficien-
cies can be very large, even higher than 30 %. 
It is convenient to define the efficiency of the 
light-to-pressure conversion as the ratio of the 
energy of the stress wave (either a shock wave 
or an acoustic wave, ES) over the energy of the 
laser pulse (EL), i.e., η = ES/EL. On the other hand, 

Fig. 11.1  Comparison between some fundamental prop-
erties of a typical ultrasound wave of 1  MHz (dashed 
line), a photoacoustic wave generated by Mn-TPP in poly-
styrene (solid line) and a shock wave generated by the 
ablation of a triazene polymer (dotted line). The latter two 
waves were experimentally detected with a 225-MHz 

transducer following the excitation of the materials with a 
nanosecond laser pulse at 355 nm. The inset is an expan-
sion of the waves in the region close to their maximum to 
illustrate the different full widths at half maximum 
(FWHM) of the waveforms
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thermoelastic processes are reversible thermal 
dilatations and contractions associated with tem-
perature changes, which do not involve chemical 
transformations. The thermoelastic conversion of 
the radiative energy into an acoustic wave does 
not damage the target material but its efficiency 
has been reported to be less than 0.01 % (η < 10−4) 
(Sigrist 1986). The higher fluence rates employed 
in the generation of shock waves lead to higher 
peak pressures than those observed in PA waves. 
Such shock wave fronts travel with supersonic 
speeds and rapidly dissipate their energy. The 
energy dissipation in the first 10  mm of shock 
wave propagation amounts to nearly 90 % of 
the total acoustic energy, and in fact most of the 
shock wave energy is dissipated already within 
the first 200–300 μm from the source (Vogel and 
Noack 1998). Figure 11.1 also represents a shock 
wave detected with a 225-MHz transducer at a 
distance of 10  mm from the material that suf-
fered ablation. In this experiment, the shock wave 
propagated through a quartz window between its 
source and the transducer, just like the PA wave 
shown in the same figure. The shock wave was 
generated by the ablation of a triazene film with 
a 355-nm laser pulse, making use of the excep-
tionally low ablation threshold of polymers made 
with thin triazene when excited with nanosec-
ond laser pulses in the ultraviolet (Fardel et  al. 
2009). Ablation is a more efficient process than 
thermoelastic conversion to convert the energy 
of light into a stress wave that back-propagates 
in the target material. However, ablation also 
has the intrinsic limitation of making chemical 
changes in the target material. Thus, subsequent 
laser pulses will be absorbed by chemically mod-
ified target materials and will give rise to differ-
ent pressure waves. The use of the same target 
material to convert a series of laser pulses in the 
ablation regime gives a series of increasingly dif-
ferent stress waves.

There is yet another important difference 
between ablation and thermoelastic expansion. 
The duration of the shock wave is related to the 
growth of cavitation bubbles or to the velocity of 
the materials that are ejected from its surface and 
produce the recoil moment. For sufficiently short 
laser pulses, the rise time of the shock waves will 

be determined by these processes and not by the 
duration of the laser pulse. Pressure pulse widths 
in the order of the 100  ns bubble growth time 
have been reported (Park et  al. 1996). On the 
other hand, in the conditions detailed further 
below, the duration of the thermoelastic expan-
sion can be made as short as the laser pulse. The 
inset in Fig. 11.1 illustrates the shift from a full 
width at half maximum (FWHM) of 9 ns for a 
photoacoustic wave to a FWHM of 140 ns for a 
shock wave, both generated by 8-ns laser pulse. 
Fast Fourier transforms (FFT, i.e., the conversion 
of the waveform from the domain of time to the 
domain of frequencies) of PA waves with such 
short durations show that they contain frequen-
cies of hundreds of megahertz (MHz). Such very 
high frequencies are strongly attenuated by most 
materials because the attenuation of ultrasound 
waves depends on their frequency components. 
For example, the Food and Drug Administration 
(FDA) uses a value of 0.3  dB/(cm∙MHz) as a 
derating factor (a tissue attenuation coefficient), 
although this attenuation coefficient seems to be 
a factor of 2–3 smaller than measured values (i.e., 
the FDA is clearly on the safe side, as the actual 
attenuation is stronger than the value used or 
guidance) (O’Brien 2007). The selective attenua-
tion of the higher-frequency components may 
lead to a broadening of the PA waves as they 
travel in most media.

Understanding the skin structure, especially 
its barrier function and routes of drug diffusion, 
and the nature of PA waves is of crucial impor-
tance to understand and predict the interaction 
between PA waves and living tissues. Fast and 
efficient light-to-pressure (piezophotonic) con-
version of energy can generate PA waves with 
relatively high peak pressures and very short 
durations. In fact, as it will be shown below, it is 
possible to use the fluence rates of compact and 
lightweight lasers to generate PA waves with 
nanosecond durations (which lead to ultrasonic 
frequencies above 100 MHz) and peak pressures 
higher than 10  bar. The pressure in such PA 
waves changes very rapidly in time and space and 
produces strong pressure gradients (i.e., rate of 
pressure change per unit time or length). The 
physical force exerted by PA waves with large 
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changes in pressure across very small distances 
can transiently disturb the barrier function of the 
skin and enhance the transdermal delivery of a 
wide range of drugs at fluence rates of simple and 
affordable pulsed lasers. The optimization of this 
process requires fast and efficient light-to-
pressure thermoelastic conversion.

The structure of this chapter takes the reader 
from the fundamental processes of PA wave gen-
eration, through the design of devices that opti-
mize the efficiency of photoacoustic conversion, 
to the mechanisms of interaction between PA 
waves and skin components. This chapter closes 
with examples of the use of such devices to 
increase transepidermal water loss (TEWL) and 
to deliver hyaluronic acid to the minipig skin.

11.2	 �Light-to-Pressure Conversion

Photoacoustic effects have been known since the 
nineteenth century with the discovery by Bell of 
the effect of sunlight on a selenium cell (Bell 
1880). It was found that when a beam of light 
was rapidly interrupted by a rotating slotted disk 
and then focused on the selenium cell, a sound 
could be heard. The practical development of 
photoacoustics began with the advent of lasers in 
the 1960s, when researchers were able to exploit 
the short laser pulses for acoustic generation in 
solids and liquids (White 1963; Carome et  al. 
1964). The photoacoustic phenomena described 
by the thermoelastic expansion mechanism is the 
result of a photothermal conversion that consists 
in the ultrafast optical energy conversion into 
thermal energy by a strongly absorbing material. 
In other words, thermalization of the laser energy 
in the irradiated volume occurs faster than the 
thermal diffusion time (Karabutov et  al. 2000; 
Schaberle et al. 2010). This means that the laser 
energy is totally transformed in heat in the irradi-
ated volume before the heated volume can trans-
fer an appreciable amount of energy to its 
surroundings. The ensuing expansion of the irra-
diated volume gives rise to the PA wave.

As mentioned above, thermoelastic expan-
sion has been considered an inefficient method 
to convert light into pressure waves, and values 

of η < 10−5 have been reported (Sigrist 1986; 
Biagi et  al. 2001). However, it is possible to 
explore the dependence of the PA waves on their 
properties, target materials, and laser pulses to 
improve the efficiency of the light-to-pressure 
conversion. First, constraining the energy-
absorbing material by rigid and transparent win-
dows can increase the amplitude of the PA 
pressure waves by a factor of 100 (von Gutfeld 
and Melcher 1977). Second, peak pressures 
obtained by thermoelastic expansion scale with 
the reciprocal of the thickness (h) of the absorb-
ing material, for the same amount of energy 
absorbed and released per unit area (∆Hth) 
(Arnaut, Caldwell et al. 1992),

	
p

h
Hmax th∝ g ∆

	
(11.1)

where γ = ca
2α/Cp (α is the volumetric thermal 

expansion coefficient, ca is the adiabatic speed 
of sound, and Cp is the specific heat capacity) 
is the dimensionless Grüneisen coefficient 
(Childs 2002), which reflects how a change in 
temperature changes the volume of a material. 
Third, Eq. (11.1) shows that absorbing materi-
als with high Grüneisen coefficients can give 
proportionally higher peak pressures, which is 
the case of elastomers with high thermal expan-
sion coefficients (Buma et  al. 2001). Fourth, 
absorbing materials with ultrafast radiationless 
processes insure that all the laser energy is 
transformed into heat within the duration of the 
laser pulse and maximize the conversion effi-
ciency (Schaberle et al. 2010). Fifth, the con-
version efficiency increases with the fluence 
rate of the laser pulse up to the ablation thresh-
old limit (Sa et al. 2013), and proper shaping of 
the laser pulse and selection of materials with 
high ablation thresholds will increase this effi-
ciency. It was shown that in taking advantage 
of all these factors, it was possible to attain 
η = 10−5 with a laser fluence rate IL = 5 MW/cm2 
(Sa et  al. 2013). This laser fluence is in the 
thermoelastic regime and could still be sub-
stantially increased before reaching the abla-
tion threshold, which means that higher 
efficiencies are attainable.
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In view of the factors that control the conver-
sion of the optical energy in a laser pulse into the 
acoustic energy of a PA wave, the maximization 
of η requires:

	 (i)	 Confining the absorbing material between a 
rigid window and a rigid (preferably reflec-
tive) support

	(ii)	 Very thin absorbing materials with very 
high linear absorption coefficients (μa), 
capable of absorbing >90 % of the incident 
light in a short optical path

	(iii)	 Materials with large Grüneisen coefficients
	(iv)	 Materials that convert the laser pulse energy 

into heat within the duration of the laser 
pulse (τL)

	(v)	 Materials with relatively high ablation 
thresholds

In addition to the peak pressure, the distribu-
tion of the ultrasonic frequencies in the PA wave 
is also a very important factor to consider in the 
interaction between PA waves and the skin. When 
the absorbing material converts the light energy 
in thermal energy within the duration of the laser 
pulse (τL) and, additionally, has a linear absorp-
tion coefficient sufficiently high to meet the con-
dition μacaτL > > 1, the duration of the PA is as 
short as that of the laser pulse, and the spectral 
band of the PA transient is determined by the 
spectral band of the laser pulse (Karabutov et al. 
2000). Under these conditions the acoustic relax-
ation time is shorter than the laser pulse duration 
and we call this the limit of optical confinement. 
In this limit, duration of the laser pulse and its 
peak power determine the bandwidth and inten-
sity of the acoustic transient. For example, 
Dubois and coworkers showed that going from a 
200-ns to a 10-ns laser pulse generates five times 
more amplitude at 5  MHz, whereas the same 
pulse reduction will increase the amplitude at 
1  MHz only by a factor of 1.3 (Dubois et  al. 
2000). Figure 11.2 shows simulated laser pulses 
with various pulse durations and the correspond-
ing FFT to emphasize the large increase in the 
high-frequency components of the ultrasound 
waves when the laser pulse duration τL is 
decreased. Although this indicates that higher 

amplitude and frequency PA waves can be gener-
ated with picosecond lasers, the practical difficul-
ties of meeting the limit of optical confinement 
and the dramatic attenuation in most materials of 
acoustic waves with GHz frequencies limit the 
applications of picosecond lasers.

The theoretical limit of maximum pressure 
amplitude generated by thermoelastic expansion 
after absorption of a laser pulse with the fluence 
rate IL is given by (Simonin 1995)

	
p

c
Imax

a
L ,= g

	
(11.2)

and for a modest fluence rate IL = 4  MW/cm2 
(e.g., a 40-mJ/cm2 laser pulse with τL = 10  ns),  

a

b

Fig. 11.2  Simulated laser pulses of 1-μs, 8-ns, or 1-ps 
durations (a) and respective bandwidths (b)
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a silicone elastomer such as polydimethylsilox-
ane (Sylgard 184®, Dow Corning, USA) (γ = 0.9, 
ca = 1100  m/s and ρ = 1010  kg/m3 (Millett et  al. 
2011)) could produce a PA wave with 
pmax = 330 bar. The corresponding average sound 
power density (Simonin 1995)

	
I

p

cs
max

a

=
2

r 	
(11.3)

is only 98  kW/cm2 and η = 0.024, but this is a 
sufficiently large pressure to perturb the skin 
structure. In fact, it is possible to produce pres-
sure gradients to permeabilize the skin with 
peak pressures in the tens of bars, if the PA 
waves generated by thermoelastic processes 
upon the absorption of nanosecond laser pulses 
have bandwidths in the hundreds of MHz. For 
example, a τL = 10-ns laser pulse generating a 
PA wave with an amplitude pmax = 15  bar and 
with the duration of the laser pulse has a rate of 
pressure change per unit time of 1.5  bar/ns, 
which is comparable to that of shock waves 
(Kodama et  al. 2000; Menon et  al. 2003). 
Considering that the sound velocity in soft tis-
sues is cs ≈ 1500 m/s, this corresponds to a pres-
sure gradient of 1 bar/μm. More precisely, the 
calculation for an ultrasonic frequency compo-
nent of fUS = 100 MHz present in that PA wave 
shows that the pressure gradient can increase to 
2 bar/μm for the acoustic wavelength λac = 30 μm 
(λac = 2csτL), assuming a sinusoidal PA wave. 
Such large pressure gradients imply that one 
layer of corneocytes will experience a substan-
tially different pressure than the next layer of 
corneocytes and that some layers will be sub-
ject, for example, to a 10-bar compressive stress, 
while others are subject to a 5-bar tensile stress. 
The difference in compressive/tensile stress 
from one layer of corneocytes to the next one 
may perturb the packing of the layers of corneo-
cytes. These disrupting physical forces exerted 
at the cellular level may expand the extracellular 
domains of the stratum corneum. Thus, moder-
ately intense PA waves with ultrasonic compo-
nents above 100  MHz produce very large 
pressure gradients that can disturb the tightly 
packed layers of the SC.

11.3	 �Principles of Piezophotonic 
Materials

The development of materials capable of rapidly 
and efficiently converting the energy in a laser 
pulse into high-frequency broadband ultrasound 
using the photoacoustic effect has been eluded by 
the lack of fundamental understanding of the pro-
cesses involved and by the inability to develop 
adequate chromophores and substrates. Initially 
the nature of the converter was almost always a 
self-standing thin metallic film, a metal evapo-
rated into a transparent support or commercial 
plastics (Doukas and Kollias 2004). Further evo-
lution considered the use of metallic films evapo-
rated onto the tip of optical fibers (Guo et  al. 
2011). Only in the last decade, alternative materi-
als (mainly carbon-polymer composites) were 
described (Visuri et al. 2002), and the importance 
of the thermoelastic properties and thickness (Sa 
et al. 2011) of the materials was revealed. We take 
advantage of the relations between the properties 
of the materials and the intensity of the pressure 
waves to design materials that further improve the 
light-to-pressure conversion. We define piezopho-
tonic (piezo, pressure; photonic, light; both 
derived from Greek words) materials as those that 
strongly absorb an incident laser pulse and use 
thermoelastic processes to produce broadband 
ultrasonic PA waves with high peak pressures.

Piezophotonic materials must have strong 
absorption bands at the laser wavelength, excited 
states with very short lifetimes due to the presence 
of ultrafast (radiationless) transition processes that 
thermalize their energy, and large Grüneisen coef-
ficients and, additionally, must be very thin. The 
amount of light absorbed by the material is inti-
mately related to its thickness, and strong absorp-
tion of the laser pulse by a thin film requires that the 
optical penetration depth, δ = 1/(2.3μa), of the light 
in the film is very small. A value of δ = 10 μm means 
that 10 μm beneath the surface of the material, the 
light intensity is 1/e ≈ 0.37 of its value at the surface. 
Due to the exponential nature of the decay of the 
light intensity in the material, δ = 10  μm (i.e., 
μa = 435 cm−1) also means that 23 μm beneath the 
surface, the light intensity is only 10 % of its value 
at the surface. A practical approach to obtain such 
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short penetration depths is to incorporate suitable 
dyes in the piezophotonic materials.

Suitable dyes for piezophotonic materials must 
strongly absorb the light of the laser pulse and trans-
form it very rapidly into heat. These are also proper-
ties required for calorimetric references employed 
in photoacoustic calorimetry (PAC) (Arnaut et  al. 
1992; Pineiro et al. 1998; Schaberle et al. 2010). By 
definition, a PAC reference compound is a molecule 
that strongly absorbs the incident laser pulse and 
uses ultrafast radiationless processes to convert all 
the absorbed optical energy into heat within the 
duration of the laser pulse. The applications of such 
compounds in PAC are not of interest here, but it is 
relevant to note that it is simple to screen for PAC 
reference compounds (Pineiro et al. 1998) and that 
the compounds passing that screening are good can-
didates to make piezophotonic materials. It is also 
interesting to note that such compounds do not have 
measurable photochemistry, that is, they can repeat-
edly absorb laser pulses without changing their 
response, which is useful to make long-lasting 
piezophotonic materials.

There are a variety of chemical processes that 
occur in the picosecond time scale and lead to 
ultrafast radiationless processes. Such processes 
are the basis for the development of materials as 
diverse as sunscreens and laser safety glasses. 
Although the principles of strong light absorption 
and ultrafast energy dissipation are the same as 
for piezophotonic materials, the latter have the 
additional purpose of producing broadband ultra-
sonic PA waves with high peak pressures. Thus, 
piezophotonic materials must be able to incorpo-
rate dyes with the properties of PAC references 
and have large Grüneisen coefficients.

The Grüneisen coefficient γ is a dimensionless 
quantity that tells how a change in temperature of a 
given material dictates its change in volume. It is a 
measure of the thermoelasticity of that material. 
Higher values of γ mean that larger volume changes 
occur for the same change in ΔT and, for materials 
constrained by rigid boundaries, higher amplitude 
pressure waves will be generated. The Grüneisen 
coefficients of various materials of potential inter-
est for the fabrication of piezophotonic materials 
have been reported in the literature, and representa-
tive examples are presented in Table 11.1.

Efficient piezophotonic materials can be fabri-
cated incorporating PAC reference compounds in 
thin support materials with high Grüneisen coef-
ficients. A compound with μa > 300  cm−1 at the 
laser excitation wavelength incorporated in a 
substrate with γ > 0.7 and a thickness of 50 μm 
will absorb 97 % of the laser pulse and is a good 
candidate for a piezophotonic material. The effi-
ciency of such a piezophotonic material below its 
ablation threshold increases with the laser flu-
ence rate. For a fluence rate of IL = 20 MW/cm2 
(e.g., a 200-mJ/cm2 laser pulse with τL = 10  ns) 
that can be obtained with small lasers, the theo-
retical efficiency is η > 0.01.

11.4	 �Devices Which Use 
Photoacoustic Waves 
for Penetration 
Enhancement

The incorporation of large quantities of such dyes 
in polymers can produce thin films of piezopho-
tonic materials by different physical techniques, 

Table 11.1  Grüneisen coefficients of various materials at room temperature

Material Grüneisen coefficient, γ References

Water 0.11 Boehler and Kennedy (1977)

Pentane 0.74 Boehler and Kennedy (1977)

Epoxy resin 0.7 Casalini et al. (2001); Sundqvist et al. (1977)

Polystyrene 0.7 Childs (2002)

Polyethylene 0.9 Childs (2002)

Polydimethylsiloxane 0.9 Dattelbaum et al. (2005)

Glasses 1.1–1.5 Sanditov et al. (2012)

Pyrolytic graphite 0.026 Childs (2002)
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such as (1) spin coating gives films with thick-
nesses between a few tens of nanometers (nm) 
and 10 micrometers (μm) and (2) casting tech-
niques with highly controlled thicknesses in the 
micrometer range. The most promising dyes for 
light-to-sound conversion should have a strong 
absorption at the wavelength of the laser pulse in 
a reduced thickness of a specific material 
(μa ≤ 500  cm−1) and a total conversion of the 
absorbed energy into heat during the laser pulse 
duration (≤8 ns).

The light-to-pressure transducer polymer 
films employed in this work were casted from 
a mixture of polystyrene and a PAC reference 
compound using a cube film applicator 35050 
(Elcometer®, UK). The PAC reference com-
pounds employed were either MnIII5,10,15,20-
tetraphenylporphyrinate (Mn-TPP), MnIII5,10, 
15,20-tetraundecylporphyrinate (Mn-TUP), or 
MnIII5,10,15,20-tetrakis (4-sulfonylphenyl) por-
phyrinate acetate (Mn-TPPS). Polystyrene and 
toluene (3:10, V/V) were mixed and stirred until 
complete solubilization of the polymer. The PAC 
reference compound was then added to polysty-
rene/toluene solution, and all the mixture was 
stirred until the dye was completely dissolved. 
Air bubbles resulting from stirring were elimi-
nated placing the polystyrene/toluene/dye in an 
ultrasonic bath for 2 min. Finally, the mixture was 
poured into the mold and spread on a clean glass 
lamina. The film deposited by casting was dried 
at room temperature and then removed from the 
lamina. The thicknesses of the films were mea-
sured with a digital micrometer. Table  11.2 rep-
resents some examples of films prepared with this 
method.

An alternative method, based on the prepara-
tion of dye-sensitized solar cells, was employed to 
fabricate thinner films (thickness less than 10 μm) 
but still with high quantities of PAC reference 

compounds. Nanoporous titania films were pre-
pared from a titanium dioxide paste (HT/SP from 
Solaronix®, Switzerland). The colloidal paste was 
distributed in screen printing masks previously 
acquired in order to attain the required thin film 
thicknesses of [1.75; 2.5; 3.25] and spread over a 
glass slide. Thicker films [5, 7.5 μm] were made 
using a printing method. The colloid was distrib-
uted with a glass rod sliding over a rim circle 
made of Scotch Magic adhesive tape (3 M, USA). 
After air-drying, the films were sintered in an 
oven at 500 °C for about 90 min. Mn-TPPS was 
adsorbed to the surface of nanoporous titania by 
immersing the glass slides coated with TiO2 in an 
ethanolic solution of the dye for the period of time 
required to attain the desired absorptivity. The 
absorbances at 471.5  nm were matched at 0.5. 
The methodologies used produce a uniform tita-
nia layer with a homogenous monolayer of dye 
adsorbed onto it (Ito et al. 2007; Serpa et al. 2008).

Figure 11.3a represents a schematic cross sec-
tion of the PA wave transdermal system based on 
the piezophotonic materials described above with 
the aim to deliver compounds in a suitable phar-
maceutical formulation through the skin. The 
piezophotonic thin film was compressed between 
a glass optical window and a mirror. Optimal 
physical contact and acoustic propagation 
between the window, the piezophotonic material, 
and the mirror were achieved by placing silicone 
at the respective interfaces. The mirror prevented 
residual nonabsorbed laser light to reach the skin. 
Figure 11.3b depicts the application of the photo-
acoustic waves produced by a piezophotonic 
material. The laser pulse is guided by an optical 
fiber to the piezophotonic material represented in 
this figure by a thin green film between the laser 
light and the patient’s arm. In practice, the mate-
rial is confined by a window and a mirror as 
shown in Fig. 11.3a.

Table 11.2  Representative examples of light-to-pressure (piezophotonic) materials

PAC reference Substrate Thickness (μm) λex (nm) Abs μa (cm−1)

Mn-TUP Polystyrene 38 484
532

1.4
1.1

370
290

Mn-TUP Polystyrene 50 355 3.2 640

Mn-TPPS TiO2 1.75–7.5 472 0.5 2860–670
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In a typical application, the pharmaceutical 
formulation in the form of a gel or a cream is 
placed in the patient’s arm. The piezophotonic 
material connected with the laser is positioned in 
contact with the formulation, allowing the trans-
mission of the photoacoustic waves to the skin.

The laser sources employed in this work were 
Q-switched Nd:YAG lasers with laser pulse dura-
tions in the 4–8-ns range and frequency doubled 
to excite the piezophotonic materials at 532 nm. 
Typically the laser light was directed form the 
laser to the piezophotonic materials through an 

optical fiber. The delivery of the photoacoustic 
waves to the lipidic solutions and the TEWL 
experiments used a portable Big Sky Ultra 50 
Nd:YAG laser (Quantel, France) attached to a 
second harmonic generator (532-nm wavelength 
output, 8-ns pulse duration). Studies in vivo with 
minipigs and hyaluronic acid delivery employed 
a Quanta-Ray 130 Nd:YAG laser (Spectra-
Physics®, USA) to generate the PA waves.

11.5	 �Lipid Dynamics 
Under Transient Pressure: 
Insight into Interactions 
at the Microscopic Level

Doukas and coworkers showed that the apparent 
effect of pressure waves on the skin structure is 
the expansion of the lacunar spaces within the 
intercellular regions of the SC (Menon et  al. 
2003). The biophysical mechanism of the molec-
ular rearrangement of the intercellular lipids was 
not clarified, although it was argued that the prin-
cipal component of the newly expanded spaces 
was water and that the incompressibility of water 
during the travel time of the shock waves should 
play a role in the expansion of the lacunar spaces 
(Doukas and Kollias 2004).

The large pressure gradients of intense shock 
waves and of high-frequency PA waves are 
believed to disturb the packing of the corneo-
cytes. Indeed, the PA waves generated with our 
method produce pressure gradients of 2 bar/μm. 
In order to understand better the impact of such 
pressure gradients on the lipidic domains of the 
SC, we investigated a simple model composed of 
dipalmitoylphosphatidylcholine (DPPC) vesi-
cles, which resembles the long-chain ceramides 
of the SC lipid domains. The hydrophobic effect 
causes lipids to aggregate in water and leads to 
the spontaneous formation of nanostructures, 
which are vesicles in the case of DPPC.  The 
extensive literature concerning the biophysical 
features of DPPC vesicles motivated their use as 
the simplest model of lipids resembling those of 
the SC. Although these studies cannot reproduce 
all the properties of that biological barrier, rele-
vant biophysical and biochemical features are 

a

b

Fig. 11.3  (a) Detailed schematic cross representation 
light-to-pressure transducer: the laser pulse passes 
through an optical glass window hitting the piezophotonic 
material confined by that window and a mirror; the mirror 
touches the skin covered with a proper formulation. (b) 
Illustration of utilization of the PA waves transdermal sys-
tem: the laser light is guided by an optical fiber to the 
light-to-pressure transducer. The piezophotonic material 
is highlighted in the figure. In a practical application, the 
device is pressed gently against the skin, and the light is 
totally absorbed by the piezophotonic material
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nevertheless preserved because of the similarity 
between the DPPC and the SC ceramides.

Lipid dynamics depends on many factors, such 
as alkyl chain length, number of cis-double bonds, 
temperature and pressure, degree of hydration, 
free volume, and lipid content (Gennis 1989; 
Blume 1993). One of the most pertinent proper-
ties of a bilayer is how the lipid dynamics changes 
with temperature, known as bilayer phase behav-
ior. At a certain temperature, a lipid bilayer can 
exist in either liquid (Lα) or solid phase (So) or a 
coexistence of both phases. At a precise tempera-
ture (phase transition temperature, PTT), all lipids 
undergo a melting process, which leads the sys-
tem into a more fluid and disorder state (Lα) 
(Gennis 1989). Detailed conformational studies 
indicate that, below the phase transition tempera-
ture, the lipids have uniform and all-trans configu-
ration chains, whereas, above that temperature, 
the additional available degrees of freedom induce 
the rotation of carbon-carbon bonding into a 
gauche configuration (Gennis 1989).

Fluorescent probes are often used to study the 
effect of an external stimulus, such as the effect 
of acoustic energy in the structure and dynamics 
of a lipid system (Lakowicz 1999; Shoemaker 
and Vanderlick 2003). The selection of the probe 
depends on its targets in the SC bilayers, and 
these depend on the properties of the probe such 
as lipophilicity and charge. The perturbation of 
the liposome bilayers, i.e., the decrease of the 
phase transition temperature of the DPPC, can be 
related to the melting of the alkyl chains 
(Shoemaker and Vanderlick 2003), and a fluores-
cent probe located in the inner core of the bilay-
ers informs on this fluidization process. There is 
a variety of molecular probes suited for this pur-
pose, such as diphenylhexatriene (DPH). The 
events occurring at the phase transition tempera-
ture are monitored by fluorescence anisotropy 
due to the rotational motion of DPH (Lakowicz 
1999). Anisotropy measurements provide infor-
mation on the size and shape of the fluorophore 
or on the rigidity of a molecular environment 
after the excitation of a fluorescent dye by polar-
ized light (Lakowicz 1999).

Our hypothesis is that the interaction between 
a PA wave and a vesicle should change the 

rigidity of the lipidic system. The experimental 
design to test this hypothesis consists in (i) mea-
suring a regular and stable anisotropy signal of 
the DPH in the DPPC/DPH system, (ii) applying 
the PA waves produced by irradiation of piezo-
photonic materials, and (iii) following the recov-
ery of the signal to determine the kinetic profile.

We prepared the DPPC/DPH system by evap-
oration of a DPPC and DPH solution, in the azeo-
tropic mixture of chloroform and methanol 
(87:13, V/V) at a final probe/lipid ratio of 1:100. 
The vesicles were hydrated in an aqueous buffer 
(PBS, pH = 7.4, molarity of 0.1 mM) to give large 
unilamellar vesicles (LUVs). The final LUVs 
were obtained by extrusion (Extrusor from Lipex 
Biomembranes, Vancouver, British Columbia, 
Canada) of the dispersion through 100-nm pore-
size filters (Nucleopore, Whatman, Springfield 
Hill, UK) at 55 °C, i.e., above the transition tem-
perature of the lipid. All the solutions employed 
in the experiments were kept above the DPPC 
gel-liquid melting temperature of 41 °C, and the 
anisotropy measurements were performed at the 
final lipid concentration of 0.1 mM. Regular and 
stable anisotropy signals were measured for this 
DPPC/DPH system.

The second step of the experiment consisted in 
the exposure of the DPPC/DPH system to PA 
waves. The delivery of the PA waves to the lipidic 
solutions used a portable Quantel Big Sky Ultra 50 
Nd:YAG laser with a second harmonic generator 
(532-nm wavelength output, 8-ns pulse duration) 
to excite, through an optical fiber, a piezophotonic 
material made of polystyrene and Mn-TPP. This 
material was confined between a window and a 
mirror. The mirror reflected the light back to the 
piezophotonic material and protected the solution 
from the laser light. The PA waves were transmit-
ted to solution by physical contact with the back of 
the mirror. The PA waves were applied for 2 min at 
the temperature of 41 °C.

The fluorescence anisotropy measurements 
were done in a Cary Eclipse fluorescence spec-
trophotometer (Varian, USA) equipped with a 
thermostatically controlled multicell holder. 
UV-visible absorption spectral analysis was per-
formed in a Unicam UV530 spectrophotometer 
(Cambridge, UK). Data was analyzed using 
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Microsoft Excel® and Solver®. The DPH quanti-
fication was made by absorption spectroscopy at 
359 nm (ε = 91,000 cm−1 M−1). Figure 11.4 shows 
representative data obtained.

Anisotropy studies indicate that the PA waves 
indeed perturb the DPPC/DPH vesicles by 
increasing the molecular fluidity around the 
phase transition temperature. Interestingly, the 
system rapidly relaxes to its original form. The 
kinetic profile of this relaxation after PA wave 
perturbation was fitted a single exponential, with 
a lifetime of 170 s. The rapid increase in fluidity 
induced by the exposure to the PA waves may 
offer the opportunity of large molecules to dif-
fuse across the vesicles.

The barrier imposed by the SC to the diffusion 
of drugs across the skin is due, at least in part, to 
the intercellular lipids (Barry 2001; Paus 2002; 
Wickett and Visscher 2006). The enhancement of 
transdermal delivery of drugs with an increase in 
the temperature of the skin (Golden et al. 1986; 
Gay et  al. 1994; Ogiso et  al. 1996; Al-Saidan 
et al. 1998) has been associated with phase tran-
sitions of the lipids, which resulted in augmented 

fluidity (rotational disorder) of the intercellular 
lipids (Gay et al. 1994). The structure and func-
tion of the SC at 32 °C ensure a good protecting 
function, but a phase separation may occur at 
35 °C and perturb the skin barrier function (Gay 
et  al. 1994). The strong attenuation of high-
frequency PA waves in water and in the skin is 
likely to generate a local temperature increase 
that contributes to the fluidization of the lipids in 
the SC and to an increase in transdermal drug 
delivery. Although this temperature effect may 
contribute to the transient increase in the fluores-
cence anisotropy shown in Fig. 11.4, it is difficult 
to reconcile the fast relaxation of the anisotropy 
with the cooling of the solution.

The size of these DPPC/DPH vesicles is 
around 0.1 μm. In view of the pressure gradients 
discussed above, this should correspond, for the 
higher-frequency components of the PA waves, 
to a difference in pressure of 0.2 bar across the 
vesicle. In order to obtain a physical picture of 
the pressure of 0.2  bar, it can be regarded as 
equivalent to a weight of 200 g on a 1-cm2 sur-
face. This is five orders of magnitude higher than 

Fig. 11.4  Changes in DPH fluorescence anisotropy after 
PA waves application on the DPPC/DPH system (100:1) 
at 41 °C. Vesicles were exposed to PA waves 2 min (left). 
The PA waves were produced by a polystyrene film con-
taining Mn-TPP, with μa = 640 cm−1, laser pulse with a flu-

ence of 50 mJ/cm2, and a duration of 8 ns. The recovery of 
the anisotropy was fitted with a single exponential (the 
gray line) with τ = 170 s. A version of this graph was pub-
lished in reference (Sa et al. 2012b)
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the pressure exerted by a pure radiation pressure 
mechanism and should provide a sufficiently 
important perturbation to transiently increase the 
fluidity of the lipids.

11.6	 �Transepidermal Water Loss

The steady-state water vapor flux crossing the 
skin to the external environment, or transepider-
mal water loss (TEWL), reflects the barrier func-
tion of the skin, and a sudden increase in TEWL 
is indicative of a disruption of the barrier func-
tion. We investigated the changes in TEWL elic-
ited by the exposure of healthy skin to PA waves 
using minipigs because this represents the animal 
model with the highest resemblance to the human 
skin (Levin and Maibach 2005).

TEWL measurements were performed in collin-
ear skin sites of the dorsum of minipigs to eliminate 
regional variations. The measurements were made 
before the exposure to PA waves generated by piezo-
photonic materials made with Mn-TUP in polysty-
rene using a laser fluence rate of 6.25  MW/cm2 
(laser pulse energy of 50  mJ/cm2). After various 
times of exposure, the TEWL was measured again 
(Sa et al. 2012a, b). The acoustic coupling between 
the piezophotonic material and the minipig skin was 
optimized with a thin layer of a commercial hydro-
philic ultrasound gel on the application site. This and 
the occlusion of the skin by the piezophotonic mate-
rial during the exposure time can also change the 
TEWL.  Thus, the control experiments were per-
formed exactly with the same procedure but with the 
laser off. Both in the application of the PA waves and 
in the control experiment, the hydrophilic gel layers 
were rapidly but thoroughly cleaned with absorbing 
paper towels before the TEWL measurements. 
Figure 11.5 shows the changes in TEWL measured 
after 1 min of exposure to PA waves and the corre-
sponding control experiment with the laser off. The 
experiments were performed in a surgery room with 
controlled temperature and humidity (20  °C and 
40–50 %, respectively), under the supervision of a 
veterinary surgeon. TEWL was measured using an 
open-chamber probe, model Tewameter® TM 300 
(Courage + Khazaka, Deutschland).

Both the control experiment and the exposure to 
PA waves led to substantial increases in TEWL. The 

water entrapment in the skin surface due to the 
occlusion (Harding 2004) and the use of a hydro-
philic gel contribute to the increase in water flow in 
the control experiment. However, this does not 
obscure the fact that 30 seconds after the end of the 
exposure to the PA waves, the value of the TEWL is 
15 g/(m2 h) higher than in the control experiment. 
TEWL values remain higher than the control exper-
iment for over two minutes after PA exposition. 
This relative enhancement of TEWL decays with 
time, much in the same way as the relaxation of the 
anisotropy in Fig. 11.4. The changes in TEWL are 
consistent with the anisotropy studies and raise the 
expectation that the skin permeability can be rap-
idly changed with the exposure to PA waves.

11.7	 �A Case Study: Intraepidermal 
Delivery of Hyaluronic Acid

The theoretical principles of PA wave generation 
lead us to the fabrication of efficient light-to-
pressure conversion devices. Above we showed 
how to use such devices to change the fluidity of 
lipids in DPPC/DPH vesicles and to change the 

Fig. 11.5  Changes in transepidermal water loss after 
exposure to PA waves (black) and corresponding control 
experiment (gray) in different minipig skin sites. The 
minipig skin was exposed for 1 min of PA waves produced 
upon laser irradiation (50  mJ/cm2, 6.25  MW/cm2) in 
Mn-TUP incorporated in polystyrene and the changes as 
expressed as the TEWL after the exposure minus the ini-
tial TEWL. A version of this graph was published in refer-
ence (Sa et al. 2012a, b)
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TEWL of minipigs. The data obtained were 
consistent with a transient permeabilization of 
the SC. Applications of PA waves to deliver mol-
ecules with more than 1 kDa and green fluores-
cent protein (GFP, 28  kDa) were recently 
described (Sa et al. 2013). Now we take the chal-
lenge of extending the range of molecular weights 
of the species to deliver to the skin to more than 
800 kDa.

The administration of a large molecular entity 
with PA waves was attempted with the delivery 
of hyaluronic acid linked to fluorescein in the 
minipig skin postmortem. Female minipig skin 
was obtained following abdominoplasty from a 
single donor. In this study, a total volume of HA 
gel of 30 μL was applied to each experimental 
site. The aqueous gel contained 1 % of 800-kDa 
fluorescein-labeled hyaluronic acid in PBS, 
pH = 7.4 (Sigma-Aldrich, USA), and 2 % non-
labeled hyaluronic acid (MW 750 kDa, Contipro, 
Czech Republic) in order to obtain a viscosity 
higher than 103  Pa.s (Rheometer, StressTech, 
USA). In order to avoid degradation and maxi-
mize polymer swelling, the gels were prepared 
and kept at +4 °C until further use. The PA waves 
were generated by the irradiation of a Mn-TUP 
photoacoustic reference in polystyrene with a 
thickness of 75 μm and a final absorbance of 0.98 
at 532 nm.

The fluorescein linked to the hyaluronic acid 
was analyzed by fluorescence microscopy upon 
tissue cryo-fixation of the skin samples after the 
penetration study. The frozen skin was cut into 
slices with thickness between 25 and 100 μm in a 
cryostat and kept refrigerated for confocal fluo-
rescence microscopy analyses.

Figure 11.6 shows that the application of the 
PA waves led to extensive hyaluronic acid distri-
bution in the minipig epidermis, without damag-
ing the structure of the SC. There is a noticeable 
increase in the amount of hyaluronic acid in the 
skin when the exposure to PA waves is increased 
from 2 to 5  min, but the total contact time is 
maintained in 30 min. The exposure to 5 min of 
PA waves followed by a contact time of 2 h leads 
to a more extensive and in-depth penetration of 
hyaluronic acid in the skin. The maximum pene-
tration depth is ca. 50 μm in 2 h. PA wave perme-
ation of GFP showed a maximum penetration 

depth of 50 μm in 20 min (Sa et al. 2013). The 
slower diffusion of hyaluronic acid in the skin is 
certainly related to the very large size of the hyal-
uronic acid employed in these experiments. It is 
nevertheless quite remarkable that a species with 
this molecular weight could be found beneath the 
skin after the application of a noninvasive method 
such as the PA waves described above.

�Conclusions

Photoacoustic waves are efficiently generated 
by nanosecond pulsed laser excitation of 
piezophotonic materials in properly designed 
devices. Such PA waves have high-pressure 
gradients, in the order of 1  bar/μm, and are 
broadband, extending to frequencies above 
100 MHz. PA waves with these properties are 
safe, as they do not significantly affect cellular 
viability (Sa et  al. 2012a, 2012b). However, 
the pressure gradients are sufficiently impor-
tant to transiently disturb the structure of the 
stratum corneum and enhance the skin perme-
ability. A dramatic example of this increased 
permeability is the delivery of hyaluronic acid 
labeled with fluorescein, which in spite of its 
molecular weight of 800 kDa is found 50 μm 
beneath the skin surface after a 5-min expo-
sure to PA waves and 2 h of passive contact 
with the minipig skin. The possibility of gen-
erating PA waves with simple and compact 
lasers, and their transient permeabilizing 
effect on the skin barrier function, offers inter-
esting perspectives for their application as a 
skin permeation enhancement method.

The overall assessment of skin perme-
ation methods must also take their safety in 
proper consideration. The transdermal drug 
delivery of large molecules may require a 
time window of several minutes or hours to 
attain therapeutic levels in the subject. On 
the other hand, the skin will be ineffective to 
protect the subject from pathogens while it is 
permeabilized. The appropriate balance 
between the extent of skin permeabilization 
and the recovery of the skin barrier function 
is likely to depend on the drug and therapeu-
tic target. Table  11.3 shows a comparison 
between several methods currently applied 
to permeabilize the skin. With the exception 
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of iontophoresis, the methods described can 
lead to an increase of TEWL by a factor of 
2  in less than 2  min of application. TEWL 
was selected for the comparison between the 
methods because it is the only property 
related to skin permeability that has been 
measured with all of them. PA waves have 
the shortest recovery time and may be 

regarded as the safest method. However, this 
may also be regarded a limitation of the 
technique because it will limit the amount of 
material that penetrates the skin. It should be 
noted that the recovery time reported in 
Table  11.3 was obtained using silicone as 
coupling medium (Sa et al. 2013). In appli-
cations of shock waves to permeabilize the 

a

c d

b

Fig. 11.6  Ex vivo minipig intraepidermal delivery of a 
800-kDa hyaluronic acid linked to fluorescein. (a) Passive 
delivery of hyaluronic acid. (b) Active delivery of hyal-
uronic acid after 2 min of PA waves and 30 min of contact 
with the minipig skin. (c) Active delivery of hyaluronic 
acid after 5 min of PA waves and 30 min of contact with 

the minipig skin. (d) Active delivery of hyaluronic acid 
after 5 min of PA waves and 120 min of contact with the 
minipig skin. The minipig skin was exposed for 2 and 
5 min of PA waves produced upon laser irradiation (50 mJ/
cm2, 6.25  MW/cm2) in Mn-TUP incorporated in 
polystyrene
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skin, it was shown that the recovery time can 
be extended from 2 min to more than 30 min 
by incorporating surfactants in the coupling 
medium (Lee et al. 2001).
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12.1	 �Introduction

Magnetic energy has been used in healing for 
thousands of years, although not without contro-
versy (Vallbona and Richards 1999). For exam-
ple, despite its popularity, the application of static 
magnets in pain relief has not been supported by 
scientific data (Pittler et al. 2007). However, the 
effects of magnetic fields on biological tissues 
and their influence on a wide range of cellular 
functions have been widely reported. Magnetic 
fields have been shown to induce changes in a 
number of cell types including fibroblasts, endo-
thelial cells and keratinocytes (Bassett 1989; 
Bassett 1993; Polk and Postow 1996). They have 
been reported to induce wound healing (Scardino 
et al. 1998; Matic et al. 2009), improve chronic 
skin ulcers (Milgram et al. 2004; Callaghan et al. 
2008), stimulate collagen (Ahmadian et al. 2006) 
and bone growth (Colson et al. 1988) and enhance 
the photodynamic effect on cancer cells (Pang 
et al. 2001). Indeed the application of magnetic 
energy to aid healing of bone fractures was pio-
neered by Bassett in the 1970s (Bassett et  al. 
1974) and is now an accepted practice, with good 
evidence supporting its efficacy and safety 
(Haddad et al. 2007). In recent years, the poten-
tial to utilize the effects of magnetic energy to 
enhance drug delivery to the skin has been inves-
tigated and is the subject of this chapter.

Prior to reviewing the drug delivery effects, 
it is important to understand the properties of 
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magnets and their effects on biological tissues. 
Organic materials are diamagnetic as defined 
by Michael Faraday in 1845; that is, they 
respond to an applied magnetic field. This may 
result in diamagnetic repulsion that could 
induce the flow of an applied material within a 
biological tissue, thus potentially enhancing 
movement or delivery through the tissue. It is 
important to understand the differences that 
exist between magnets and their magnetic 
fields, in particular between pulsating mag-
netic fields and static magnetic fields. This is 
of particular importance in the consideration of 
electromagnetism. A changing electrical cur-
rent can generate a magnetic field, and a chang-
ing magnetic field can generate an electrical 
current. Thus a pulsating magnetic field is 
capable of generating an electrical current. 
Given that many aspects of cell function and 
communication involve electrical potentials or 
currents, a pulsating magnetic field that gener-
ates an electrical current in biological tissues 
may influence these normal processes. Indeed 
it is a pulsating or pulsed electromagnetic field 
(PEMF) that is used in bone healing (Bassett 
1993), pain management (Sutbeyaz et al. 2009) 
and treatment of depressive illness (Martiny 
et al. 2010). Static magnetic fields do not gen-
erate an electrical current, and therefore any 
biological effect cannot be attributed to an 
electrical mechanism in the tissues.

Magnetophoresis is defined as the motion 
induced by a magnetic field on a particle 
of magnetic or magnetizable material (e.g. 
a haemoglobin-bearing red blood cell) in a 
fluid (Wikipedia). The term magnetophoresis 
has also been used to describe the enhance-
ment of drug permeation across a biological 
barrier by the application of a magnetic field 
(Murthy 1999), although the mechanism in 
this case may not be solely due to flow effects. 
This chapter will review the research into the 
potential skin penetration enhancement effects 
of an applied magnetic field. This includes 
research conducted on both static magnets and 
pulsed electromagnets and is summarized in 
Table 12.1.

12.2	 �Static Magnetic Fields

Murthy reported enhanced skin permeation of 
benzoic acid, salbutamol sulphate and terbutaline 
sulphate by magnetophoresis (Table  12.1) 
(Murthy 1999; Murthy and Hiremath 1999; 
Murthy and Hiremath 2001). These studies 
involved the use of stationary permanent magnets 
in close proximity to the donor formulation. 
Their initial study reported magnetophoresis 
enhanced the delivery of benzoic acid across 
excised rat abdominal skin (Murthy 1999). The 
static magnetic field was generated by permanent 
magnets of field strength 1 to 5 × 10−2  mT.  The 
enhancement ratio for magnetophoretically deliv-
ered benzoic acid ranged from just less than 2 to 
approximately 2.5 with increasing magnetic field 
strength. Murthy concluded that the enhanced 
transdermal permeation was primarily due to the 
increased diamagnetic flow as benzoic acid has a 
high diamagnetic susceptibility (−70.3 × 10−6 cgs 
units) and is thus likely to be repelled away from 
the external magnet and driven into the skin along 
the direction of the magnetic field gradient. 
Diamagnetic susceptibility increases with mag-
netic field strength; thus the increase in enhance-
ment ratio with magnetic field strength might 
suggest that diamagnetic flow is the likely mech-
anism for magnetophoresis. Murthy did not rule 
out the possibility of other mechanisms such as 
magnetohydrokinesis (movement of water) or 
altered barrier function due to the magnetic field.

Murthy’s group conducted a series of more 
extensive studies on lidocaine to further elucidate 
the mechanism of enhancement from static mag-
net fields (Murthy et al. 2010). In all in vitro and 
in  vivo studies, skin permeability of lidocaine 
was greater under the influence of the static mag-
netic fields. In vitro studies were conducted 
across heat-separated porcine epidermis in Franz-
type diffusion cells with magnetic field strengths 
of 30, 150 and 300 mT generated by placing two 
neodymium magnets on either side of the donor 
compartment at a distance of 2 mm from the epi-
dermis. They confirmed their earlier reports that 
the penetration enhancement ratio increased with 
increasing magnetic field strength, with a range 

H.A.E. Benson et al.
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of 2.9–8.9 for lidocaine hydrochloride and 1.3–
3.9 for lidocaine base (30–300 mT magnetic field 
strength).

Exposure of the porcine epidermis to the static 
magnetic field for 24 h prior to conducting a pas-
sive in  vitro diffusion study showed no signifi-
cant difference in lidocaine permeation compared 
to no prior exposure to the magnetic field (Murthy 
et al. 2010). In addition, there were no significant 
changes in electrical resistance and transepider-
mal water loss (TEWL) or shift in the peaks of 
the lipid or amide regions of the FTIR spectra of 
the epidermis in the presence of the static mag-
netic field. Thus no evidence of alteration to the 
epidermal barrier was detected. The authors sug-
gested that the mechanism is likely to be similar 
to the mechanisms of electrorepulsion and elec-
troosmosis that provide enhanced skin permeation 
in iontophoresis. In order to eliminate any skin 
barrier effects, they assessed the effect of the 
300 mT static magnetic field on diffusion of lido-
caine hydrochloride across a 1000  Da MWCO 
dialysis membrane, reporting a fourfold increase 
over passive diffusion. This confirms that magne-
tokinesis (combination of diamagnetic repulsion 
and magnetohydrokinesis) contributes to the 
mechanism of enhanced permeation by the static 
magnetic field. The magnetic field also generated 
a 2.7-fold increase in permeation of 3H-water 
across the porcine epidermis, suggesting that 
there is flow of water molecules with the mag-
netic field gradient (Murthy et al. 2010).

A 450 mT magnetophoretic patch was fabri-
cated (Fig. 12.1), which was tested on rats with 
the permeation of both lidocaine base and hydro-
chloride monitored by cutaneous microdialysis 
(Murthy et  al. 2010). An approximate two- to 
threefold increase in permeation was achieved 
with the magnetophoretic patch.

12.3	 �Pulsed Electromagnetic 
Fields (PEMF)

In contrast to the studies undertaken by Murthy, 
Benson’s group utilized pulsed electromagnetic 
fields (PEMF) generated by the Dermaportation 
technology that was designed and manufactured 

by OBJ Ltd, a Perth-based biotechnology com-
pany (www.obj.com.au). The Dermaportation 
system uses a low voltage (3  V) and does not 
require direct physical contact with the skin. The 
technology used in these experiments generates 
an asymmetrical pulse packet-type electromag-
netic field comprised of a series of repeating 
quasi-rectangular waves of electromagnetic 
energy of 400 μs duration, with peak maximum 
field strength of 5 mT (Fig.  12.2). The electro-
magnetic pulse is propagated through the ener-
gizing of a small spirally wound monofilament 
air-filled coil which is placed externally to the 
donor compartment of a Franz-type diffusion cell 
so that the energizing coil is 7 mm above the skin 
surface (Fig. 12.3). The Dermaportation system 
utilizes a secure microprocessor smart card tech-
nology with automatic CRC data integrity testing 
and system integrity testing to ensure the quality 
and repeatability of the field characteristics 
between experiments. Whilst the momentary 
peak magnetic field is consistent with that used 
by Murthy’s group, the average field of 0.25 mT 
was substantially less.

PEMF by the Dermaportation system has 
demonstrated enhanced skin penetration of small 
molecules and peptides (Table  12.1) including 
5-aminolevulinic acid (5-ALA) (Namjoshi et al. 
2007), naltrexone hydrochloride (Krishnan et al. 
2010), diclofenac (Benson et al. 2007), lidocaine 
hydrochloride (Cacetta et al. 2007) and dipeptide 
alanine-tryptophan (Ala-Trp) (Namjoshi et  al. 

Magnetophoretic Transdermal Patch

Fig. 12.1  Magnetophoretic transdermal patch (Adapted 
from Murthy et al. 2010)

H.A.E. Benson et al.
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2008). All experiments were conducted using 
excised human epidermis mounted in Franz-type 
diffusion cells, with the Dermaportation coil 
mounted on the exterior of the donor compart-
ment of the cell (Fig. 12.2). Thus the magnet did 
not come into direct contact with the skin or the 
donor formulation.

A small preliminary investigation of the effect 
of PEMF on epidermal penetration of 5-ALA 
showed a 400-fold enhancement of epidermal 
flux over the first 2  h of administration 
(Table 12.1) (Namjoshi et al. 2007). 5-ALA is a 
very poor candidate for transdermal delivery and 
showed very low passive permeation (0.12  μg/
cm2/h). In contrast, when applied with PEMF, the 
permeation rate (50.79  μg/cm2/h) was so high 
that donor depletion occurred within the first 2 h. 
Thus the flux values are estimated over a small 

number of data points and with a small number of 
replicates (n = 4). Consequently, whilst this pre-
liminary study confirms the enhancement ability 
of PEMF, the extent of enhancement effect, 
which is much greater than reported in other 
studies (Table  12.1), should be treated with 
caution.

The applied PEMF significantly increased the 
skin permeation of the dipeptide Ala-Trp 
(Table 12.1) (Namjoshi et al. 2008). The enhance-
ment appeared to be greatest in the initial 20 min 
suggesting an initial “push” of drug permeation 
by the magnetic field, which was then followed 
by a continued significantly enhanced perme-
ation for the duration of magnetic field adminis-
tration. Like 5-ALA, Ala-Trp is a poor candidate 
for transdermal delivery and shows low passive 
permeation (0.78 μg/cm2/h), thus allowing for a 
substantial enhancement ratio with an effective 
enhancement technology (19.43  μg/cm2/h with 
PEMF).

An enhancement ratio of approximately 5.7 
was reported for PEMF administered naltrex-
one hydrochloride across human epidermis 
(Krishnan et  al. 2010). A higher enhancement 
ratio of 6.5 was recorded during PEMF admin-
istration (0–4  h) followed by a lower but still 
enhanced permeation (5.3) for the following 
no PEMF phase (4–8 h). This shows a residual 
effect of the electromagnetic field on perme-
ation, which the authors suggested could be 
due to an alteration of the skin barrier due to 
the applied electromagnetic field. Whilst there 
was a slight enhancement of naltrexone dif-
fusion across silicone membrane with PEMF, 
this was not significantly different to passively 
applied naltrexone. This supports the view that 
the mechanism of enhancement for the PEMF 
is not predominately magnetokinesis, as Murthy 
has suggested for the static magnetic fields, but 

Packet StructureRepetition

Pulse

Fig. 12.2  Dermaportation  
waveform: time-varying 
magnetic fields use a 
complex ‘packet’ format 
to avoid increased 
entropy

Fig. 12.3  Dermaportation coil mounted on a Franz diffu-
sion cell

12  Magnetophoresis: Skin Penetration Enhancement by a Magnetic Field
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may be due to alteration of the stratum corneum 
barrier. To further investigate this theory, the 
authors applied 10 nm diameter gold nanoparti-
cles to human skin with and without the presence 
of a PEMF. The distribution of the nanoparticles 
within the skin was monitored after 30 min by 
multiphoton microscopy–fluorescence life-
time imaging microscopy (MPM-FLIM). Gold 
nanoparticle-treated human skin exposed to the 
PEMF had 200 times more gold nanoparticle 
positive pixels than the skin exposed to gold 
nanoparticles without PEMF (Fig.  12.4). This 
suggests that the PEMF facilitates penetration 
of the gold nanoparticles through the stratum 
corneum and that the channels through which 
the nanoparticles move must be larger than their 
10 nm diameter. There were no major differences 
in the microanatomy of the stratum corneum or 
epidermis between the treatment groups, indicat-
ing no obvious tissue damage occurred due to 
the PEMF.

12.4	 �Magnetic Film Array

The magnetic film array (Fig. 12.5: ETP devel-
oped by OBJ Pty Ltd) is a thin flexible polymer 
matrix containing multiple magnetic elements 
arranged to produce complex three-dimensional 
magnetic gradients. The material has a peak mag-
netic field strength of 40  mT; however, the 
arrangement and distribution of alternating poles 
across the surface of the material results in a total 
magnetic gradient of 2 T/m2.

The effect of a magnetic field array (ETP 008) 
on skin permeation of the moisturizing agent 
urea was assessed ex vivo and in vivo (Krishnan 

et al. 2010). An approximately fourfold increase 
in permeation across human epidermis occurred 
over a 2 h application period of 5 % urea gel with 
magnetic film in comparison to passive perme-
ation using a non-magnetic occlusive film 
(Table  12.1). In addition, the lag time for urea 
permeation was reduced by 50 % from approxi-
mately 41 to 21 min. A preliminary in vivo study 
measured the urea-induced hydration or increase 
in thickness of the skin of a human volunteer by 
optical coherence tomography. Again 5 % urea 
gel was applied with the magnetic or non-
magnetic occlusive films. Under the magnetic 
film, the epidermal thickness increased by 16 and 
11 % at 30 and 60 min, respectively, compared to 
3 and 6 % increase in thickness with the non-
magnetic film. Thus at 30 min there was a five-
fold increase in epidermal thickness with the 
magnetic array, which reduced to a twofold 
increase at 60 min.

The same magnetic array (ETP 008) when 
applied to an in vivo study into the delivery of the 
antiseptic compound cetylpyridinium chloride 
(CPC, 0.05 %) into the skin over a 2  h period 
resulted in an average 1.48 times increase in the 
total recovered levels of CPC from tape strips 
(unpublished data).

12.5	 �Field in Motion (FIM)

The effect of magnetic film arrays on permeation 
(Fig. 12.5) is not limited to the static application. 
In principle, the magnetic arrays can be adminis-
tered in the form of a physical applicator that can 
be applied either directly to or just above the sur-
face of the substrate under investigation 

Fig. 12.4  Multiphoton microscopy–fluorescence lifetime 
imaging microscopy (MPM–FLIM) analysis of nanoparti-
cle penetration enhancement by PEMF (Dermaportation). 
Panel a shows the lifetime profile of 10 nm gold nanopar-
ticle (AuNP) second harmonic generation. The primary 
lifetime peak between 0 and 250 ps was used to indicate the 
presence of AuNP within the stratum corneum (white bars) 
and epidermis (black bars). The presence of AuNP positive 
pixels was quantified in both untreated (−) and treated 
(AuNP) human skin by MPM–FLIM (Panel b). The treated 

group contained one unexposed and one PEMF-exposed 
(Dermaportation) piece of skin. Typical lifetime images 
(0–250  ps) are shown in panels c–h and the treatment 
shown to the left. Panels c–h are pseudo-coloured accord-
ing to lifetime (bar in panel c) from 0 (blue) to 250 (red). 
The background levels of the stratum corneum/epidermis 
can be seen in panels c and d. The major lifetime contribu-
tion of AuNP second harmonic generation is 
teal/green/yellow and can be seen particularly in the treated/ 
PEMF-exposed samples (panels g and h)

H.A.E. Benson et al.
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(Fig. 12.6). When the complex magnetic arrays 
are moved across the surface of a substrate in the 
form of an applicator, the rapidly changing mag-
netic fields experienced by the substrate at any 
given point are thought to simulate the rapidly 
changing magnetic fields generated by PEMF 
techniques.

In a study involving the in vitro diffusion of 
diclofenac sodium through excised human epi-
dermis and FIM application of a proprietary 
magnetic microarray (OBJ Pty Ltd), a 1.83-fold 
increase in the total delivery of diclofenac over 
an 8 h period was achieved. A small comparative 
in vivo study using the same diclofenac donor and 
administered with an applicator constructed from 
the magnetic microarray was also undertaken.  
A 2 min field application (rubbing time) followed 
by a 1 h absorption period resulted in a 2.4-fold 
increase in the total quantity of diclofenac recov-
ered from the skin using tape stripping (OBJ in 
house data).

A magnetic microarray applicator was also 
found to improve the delivery of a commercial 
cosmetic lipopeptide (OBJ in house data). An 
in vivo tape stripping study involving three sub-
jects resulted in an average 4.1-fold increase in 
the total amount of the cosmetic lipopeptide 
delivered into the volar forearm over a 4-day 
period (twice daily applications).

12.6	 �Combination 
of Magnetophoresis 
and Other Enhancement 
Technologies

The potential to generate synergistic enhance-
ment by combining magnetophoresis with other 
enhancement approaches has been explored by 
both Benson’s (Prow et al. 2012) and Murthy’s 
(Sammeta et  al. 2011) groups. Sammeta et  al. 
(Sammeta et  al. 2011) reported an approxi-
mately threefold increase in lidocaine hydro-
chloride delivery (flux of 3.07 ± 0.43 μg/cm2/h) 
from their fabricated 450 mT magnetophoretic 
patch system across Sprague–Dawley rat skin 
compared to passive permeation (0.94 ± 0.13 μg/
cm2/h) (Sammeta et al. 2011). They assessed the 
permeation in the presence of four chemical 
penetration enhancers and reported the follow-
ing rank order of enhancement: menthol (3.7-
fold) > SLS (2.6-fold) > urea (1.7-fold) > 30 % 
ethanol (1.4-fold) > DMSO (1.1-fold). It should 
be noted that menthol was applied in 30 % aque-
ous ethanol due to its lack of solubility; there-
fore, the enhancement is due to a combination 
of the chemicals. They then incorporated this 
range of chemical penetration enhancers into 
the magnetophoretic patch (Fig. 12.1) and found 
a further enhancement in permeation: static 
magnetic field with menthol (6.4-fold) > sodium 
lauryl sulphate (SLS, 5.2-fold) > urea (5.2-
fold) > dimethyl sulphoxide (DMSO, 4.1-
fold) > control (3.3-fold). The extent of 
enhancement appears to be less than the additive 
for all combinations, suggesting that there may 
be some overlap in the mechanism of enhance-
ment of the two modalities. The four chemical 
enhancers tested act predominately by reducing 

a b

Fig. 12.5  Magnetic field arrays: (a) ETP 008 magnetic 
field and (b) ETP 012 magnetic field as observed on a 
metal dust polymer strip

Fig. 12.6  FIM Applicator: consumer motion adds an 
electromotive force (EMF) component to enhance dia-
magnetic repulsion

H.A.E. Benson et al.
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the barrier function of the skin, with menthol 
and SLS acting on the stratum corneum lipid 
regions, whilst DMSO and urea act on the kera-
tinocytes. Given the magnitude of the effect of 
the combination, this would suggest that the 
static magnetic field acts predominately by 
magnetokinesis with possibly some alteration of 
the stratum corneum barrier, as demonstrated by 
less than the additive effect.

The combination of applying magnetophore-
sis to the skin that has been pretreated with 
microneedles is a logical approach based on the 
theory that the magnetic field would enhance 
the flow of the drug within the micro-porated 
skin channels. Prow et al. (2012) applied mela-
nostatin peptide labelled with fluorescein iso-
thiocyanate (FITC) to microneedle-porated 
excised human epidermis in Franz-type diffu-
sion cells. Confocal laser scanning microscopy 
(CLSM) was used to measure fluorescent drug 
delivery after 15  min. A magnetic field array 
(ETP012: Fig. 12.5) or non-magnetic film was 
positioned above the donor formulation. The 
combination of magnetic array and micronee-
dles showed 7.12 times greater area of penetra-
tion when compared to non-magnetic control 
material. Addition of the magnetic array pro-
vided 1.48 times greater average delivery signal 
of melanostatin with microneedles than that 
observed with non-magnetic control material 
treated with microneedles.

Prow (2012) recently investigated the combi-
nation of magnetophoresis and microneedles 
using excised human skin pretreated with a 2 × 3 
array of microneedles (750 μm in length) com-
pared to no pretreatment. Directly afterwards the 
skin was mounted in a Franz-type diffusion cell 
and either saline alone or sodium fluorescein in 
saline was applied to the surface of the skin. 
Next, a static magnetic film array was applied. 
The skin was incubated for 15 min before CLSM 
analysis. Figure 12.6 shows the gross photos of 
the skin after treatment in the upper row. CLSM 
mosaics are shown at the dermo-epidermal junc-
tion (~50 μm depth) in the middle row. The bot-
tom row shows a heat map corresponding to the 
level of intensity, where blue indicates low levels 
of fluorescence and red indicates high fluores-

cence signal. These data visually show that mag-
netophoresis enhances microneedle-based drug 
delivery in human skin. Replicates showed that 
the presence of the static magnetic film array 
resulted in a 4.4-fold increase in fluorescence sig-
nal over the skin treated only with microneedles 
(p < 0.01) (Fig. 12.7).

12.7	 �Mechanism of Enhancement 
by Magnetic Fields

Michael Faraday first described diamagnetism in 
1845, when he realized that all materials in nature 
possessed some form of diamagnetic response to 
an applied magnetic field. Drug molecules in a 
solution are particularly susceptible to diamag-
netic repulsion due to the availability of localized 
electrons (Fig. 12.8a). Mohammed demonstrated 
the increased flow of brilliant blue dye in simple 
agar gels under the influence of a static magnetic 
microarray (Mohammed 2013). The presence of 
large lipids in the stratum corneum, which with 
the aid of diamagnetic repulsion could be rear-
ranged, may also contribute to the mechanism of 
enhancement in magnetophoresis. Any rear-
rangement of the lipids in the skin would be tem-
porary and likely to revert to resting positions on 
removal of the magnetic field.

Murthy et  al. (2010) suggested that the pre-
dominant mechanism for drug permeation 
enhancement by their static magnetic fields is 
magnetokinesis and enhanced partitioning of 
drug into the stratum corneum. They showed that 
enhanced flow via the appendages could be 
important for a magnetically applied polar com-
pound. Sammeta et al. (2011) employed the sand-
wich model first developed by Brian Barry’s 
group (El Maghraby et  al. 2001; Barry 2002). 
This utilizes a stratum corneum/epidermis sand-
wich from the same skin with the additional stra-
tum corneum forming the top layer of the 
sandwich. Orifices of shunts occupy only 0.1 % 
of skin surface area; therefore, there will be a 
negligible chance for shunts to superimpose in 
the stratum corneum/epidermis sandwich. If 
appendageal shunts play a major role, then the 
delivery through the sandwich should be much 
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reduced compared with that through the epider-
mis, taking into consideration the expected 
reduction due to the increased membrane thick-
ness. A permeation ratio (sandwich/epidermis) of 
0.5 indicates a negligible shunt role, whilst a ratio 
of less than 0.5 indicates that the shunt route is 
significant. Sammeta et  al. (2011) reported that 
lidocaine hydrochloride flux from their magneto-
phoretic patch system was 3.87 ± 0.30 μg/cm2/h 
and 0.99 ± 0.26 μg/cm2/h across the porcine epi-
dermis and the porcine stratum corneum/epider-
mis sandwich, respectively. Thus the ratio of 0.25 
indicates that the appendageal pathway played a 
significant role in the magnetophoretic delivery 
of lidocaine hydrochloride. In their investigations 

using attenuated total reflectance–Fourier trans-
form infrared spectroscopy (ATR–FTIR), they 
observed no changes in the relevant areas of the 
skin spectrum, thus concluding that there was no 
evidence for magnetic field-induced alteration of 
the skin barrier.

Whilst there is considerable evidence that 
increased flow down the magnetic field gradient 
is the predominant mechanism of drug delivery 
in static magnetic fields, it is likely that PEMF 
may also act by directly altering the stratum cor-
neum barrier. Evidence for this was provided by 
the delivery of 10 nm gold nanoparticles into the 
skin under the influence of a PEMF (Benson 
et al. 2010). Thus the mechanism is likely to be a 
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Fig. 12.7  Magnetophoresis enhanced microneedle drug 
delivery in viable human skin. Excised human skin was 
treated with saline alone, fluorescein in saline, micronee-
dles followed by fluorescein in saline and microneedles fol-
lowed by fluorescein in saline with a static magnetic film 

array. CLSM images from the dermo-epidermal junction 
show dye diffusion into the skin, specifically at micronee-
dle puncture sites. The heat map in the bottom row utilizes 
a blue to red indicator of fluorescence signal where blue 
indicates no signal and red indicates maximum signal
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combination of reduced barrier and diamagnetic 
repulsion that results in movement of drug mole-
cules away from the magnetic source and thus 
increased flow across the stratum corneum 
(Fig. 12.8b).

12.8	 �Conclusions and Future 
Potential

Whilst magnetophoresis is a relatively new skin 
penetration enhancement approach, the initial 
data is promising. Enhancement of small mole-
cules has been demonstrated using a range of 
magnetic technologies including static magnets 
and pulsed electromagnetic fields. The magnetic 
arrays used in static or moving mode offer advan-
tages with respect to fabrication of devices. These 
can be incorporated into a transdermal patch or 
used as an applicator for a topical cream or gel.  
The first commercial applications of magnetopho-
resis have recently been released. These include a 
magnetophoresis ‘wand’ applicator device to 
enhance the skin delivery of actives in cosmetic 
and anti-aging products in Procter & Gamble’s 
SKII and Olay ranges. Further investigation is 

required to fully establish the mechanism of 
action of magnetophoresis, but it is likely that we 
will see this technology used alone and in combi-
nation with other penetration facilitators such as 
microneedles in the future.
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13.1	 �Introduction

Skin permeability of a variety of therapeutic 
drugs can be modified by several means, such as 
chemical enhancers (Purdon et al. 2004), ionto-
phoresis (Herndon 2007), electroporation (Mori 
et  al. 2003; Tokudome and Sugibayashi 2004; 
Tokumoto et al. 2006), phonophoresis (Mitragotri 
and Kost 2004), and microneedles (Martanto 
et al. 2006; Wu et al. 2006, 2007). Such chemical 
and physical strategies have been applied to 
increase the transdermal delivery of macromole-
cules as well as low molecular drugs by modify-
ing the barrier properties of the skin, especially in 
the stratum corneum (SC) (Elias 2005). Only a 
few means have been clinically applied, however, 
due to high cost, cumbersome systems, low effi-
cacy, etc. Heat treatment, such as moxibustion, is 
a physical technique used to overcome the high 
barrier function of the SC in order to enhance the 
skin permeation and the therapeutic efficacy of 
drugs.

Various skin permeation enhancement tech-
niques are utilized in the rational design and opti-
mization of transdermal drug delivery systems. 
As early as in the 1970s, drug transport across the 
skin barrier has been mentioned to be influenced 
by dermal temperature (Riegelman 1974). Heat 
may accelerate thermal movement of molecules 
and increase the diffusion coefficients, improve 
the slow kinetic processes of drug dissolution, 
and increase the solubility in the donor solution 
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and the concentration gradient (Tojo et al. 1987 
and Jain et al. 2003). Alterations of temperature 
have been used in clinical therapy, including can-
cer therapy (Koichi 2006). However, there were 
seldom studies about using the alteration of tem-
perature achieved by, e.g., moxibustion pretreat-
ment therapy to influence the skin permeation, 
absorption, and distribution of drugs.

Moxibustion therapy besides inducing 
increase of temperature also stimulates acupoints 
through the skin. In particular, topical formula-
tions containing therapeutic drugs may be applied 
at the site of moxibustion pretreatment in order to 
enhance their permeation through the skin. The 
thermal energy that generated from the combus-
tion of moxa directly reaches the surface of the 
skin after placing the moxibustion superficially 
over the skin as in the PassPort™ System 
(ALTYA, USA).

PassPort™ System is a new device designed 
to deliver drugs through the skin. The PassPort 
System creates a series of minute pores (micro-
pores) through the outer layer of the skin, i.e., 
the (SC), by the instantaneous and nontraumatic 
application of an electrical pulse in order to con-
vert it to thermal energy. The PassPort™ System is 
comprised of a single-use disposable PassPort™ 
patch (Fig.  13.1a) and a reuseable handheld 
applicator (Fig.  13.2). The former consists of a 
conventional transdermal patch attached to an 
array of metallic filaments (porator) (Fig. 13.1b). 

Pressing the activation button of the applicator, it 
releases a single pulse of electrical energy to the 
porator, where it is converted into thermal energy. 
The rapid conduction of this thermal energy into 
the surface of the skin painlessly ablates the SC 
under each filament to create microchannels by 
vaporizing microscopic amounts of dead cells 
from the SC. When the applicator is removed, a 
simple fold-over design aligns the transdermal 
patch with the newly formed microchannels.  
A patch containing a drug is then placed over the 
microchannels, which are deep enough to allow 
the entry of the drugs into the skin but shallow 
enough that the pain receptors in the dermis, the 
layer of skin below the stratum corneum, and 
viable epidermis are unaffected. Thus, the whole 
method is painless. This system resemble to the 
moxibustion method.

The moxibustion therapy is based on the 
alteration of temperature to influence the skin 
permeation, absorption, and distribution of the 
drug in the skin barrier. Moxibustion may have 

metallic
filaments

skin

a b

Fig. 13.1  The PassPort™ patch (a) and the array of filaments (b) on the PassPort™ system

skin

activation
button

Fig. 13.2  Handheld applicator of the PassPort™ system
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an effect on the local vasodilation response, 
because it increases the skin temperature. When 
the body is in warm environment, the vein and 
capillary are more dilated than that in cold envi-
ronment, and the blood flow is higher in warm 
than in cold environment. Permeability of the 
endothelial membrane of blood vessels and cap-
illaries for drugs becomes higher in warm than 
in cold environment (Fig. 13.3a). In addition, if 
inflammation is observed in the tissues, an 
enhanced permeation retention (EPR) 
(Fig.  13.3b) effect may be obtained. In other 

words, tight junctions in the endothelial mem-
brane of blood vessels and capillaries are 
enlarged in the inflamed condition. Then, moxi-
bustion may increase the skin and muscle con-
centration of topically applied drugs.

In the present chapter, the in  vitro and 
in vivo pretreatment effects of moxibustion on 
the skin permeation, as well as on the distribu-
tion of an ionic compound, sodium salicylate 
(SA-Na), in the skin and muscle underneath 
the application site of moxibustion, are going 
to be discussed.
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Fig. 13.3  (a, b) Schematic representation of effects of moxibustion on vein and enhanced permeation retention (EPR)
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13.2	 �Moxibustion

Moxa is a natural plant which belongs to 
(Artemesia family) that consists of several nat-
ural plants and is known to contain heptatriac-
ontane and tannins having catechol derivatives 
(Kobayashi 1988). Moxa has been used for a 
long time as a traditional medicine for its bacte-
ricidal and antifungal properties, especially in 
moxibustion treatment, an oriental traditional 
physical therapy which involves burning a herb 
close to the skin by using a moxibustion device. 
It has also been utilized for muscle pain relief. 
The treatment has a long history of about 2000 
years in China and about 1000 years in Japan. 
Moxibustion therapy induces medical effects, 
especially by stimulating acupoints in the skin. 
Recently, moxibustion has been reevaluated 
from a pharmacological point of view (Chiba 
et al. 1997; Uchida et al. 2003). A series of pos-
itive pharmacological effects were generated 
by the intense heat of moxibustion. These may 
include prevention of disease, activation of 
body’s immune system, inhibition of cytotoxic-
ity, and other therapeutic actions and promising 
modalities. Moxibustion induced various 
inflammatory responses, such as blood vessel 
reaction and enhancement of microvascular 
permeability (Okazaki et  al. 1990). A clinical 
diagnosis can be used to determine if the skin 
was engorged with blood and whether there are 
skin blisters after moxibustion treatment.

Typical model of a moxibustion device sup-
plied by Senefa Co. (Nagahama, Shiga, Japan) is 
shown in Fig. 13.4.

13.3	 �Skin Temperature

Since the thickness of the pedestal on the moxi-
bustion cylinder may greatly influence the skin 
temperature as well as the moxibustion therapy, it 
may also affect the skin permeation of SA after 
moxibustion pretreatment. Thus, the effect of 
moxibustion treatment on the temperature change 
on the skin surface and in the subcutis was evalu-
ated. Figure 13.5 shows the time course of tem-
perature at the skin surface and subcutaneous 
tissue after moxibustion pretreatment. The maxi-
mum skin surface temperature and subcutaneous 
tissue temperature were 43.7, 45.6, and 47.9 °C 
and 42.4, 44.7, and 46.5 °C, respectively, for 3-, 
2-, and 1-mm pedestal thickness. These tempera-
tures were returned to the control (initial) value 
(without or before moxibustion) within 
10–15 min. The efficacy of heating the skin was 
higher when using a thinner pedestal; therefore, 
decreasing the distance between the skin surface 
and moxa increased the skin temperature. Large 
variations were found in the skin temperature 
when using a 1.0-mm pedestal. Figure  13.4 
shows the pretreatment technique of topically 
applied moxibustion on the skin.

13.4	 �In Vitro Skin Application 
of Na-SA

Sodium salicylate (Na-SA) solution was prepared 
in order to increase the solubility of salicylic acid 
(SA); however, only SA concentration was mea-
sured after topical or intravenous administration 
of Na-SA solution in order to evaluate the pre-
treatment effect of moxibustion on the skin per-
meation of SA.  In vitro permeation experiment 
was performed to assess the effect of the pedestal 
thickness of the moxibustion system on the skin 
permeation of SA. The abdominal skin of hair-
less rat was treated one time or three times con-
secutively for 5.0  min with moxibustion. The 
skin permeation experiment of SA was started 
30 min after starting the first moxa burning. The 
effect of the number of moxibustion cylinders 
and the distance between the cylinder tip and skin 

moxibustion

cylinder

pedestal
4 mm

5 mm

9 mm

25 mm

1~3 mm

Fig. 13.4  View showing a frame format of moxibustion 
device which has a moxa cylinder (5-mm diameter × 9-mm 
length) and a custom pedestal (diameter, 25 mm; thick-
ness, 1–3 mm; hole diameter, 4 mm)
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surface on the in  vitro skin permeation of SA 
were evaluated. Figure 13.6 shows the effect of 
moxibustion pretreatment on the time course of 
the cumulative amount of SA that permeated 
through hairless rat skin.

Table 13.1 summarizes the different permea-
bility coefficients obtained for SA for different 
moxibustion pretreatments.

The abdominal skin of hairless rat was treated 
one time or three times consecutively for 5.0 min 
with moxibustion. The excised skin was sandwiched 
between two half-diffusion cells with an effective 
diffusion area of 0.95  cm2 and a cell volume of 
2.5 ml. Next the Na-SA solution was applied on the 
stratum corneum side of the excised skin for 8 h. The 
cumulative amount of SA permeated after 8 h was 
2.4-, 3.1-, 6.2-, and 21-fold higher than in the control 
experiment (without moxibustion) for one 

Fig. 13.5  View 
showing the 
pretreatment effect of 
topically applied 
moxibustion on the skin 
permeation of SA

a

b

Fig. 13.6  Effect of moxibustion pretreatment on the tem-
perature change on the skin surface (a) and in the subcu-
tis. (b) ●, 3-mm pedestal thickness; □, 2-mm pedestal 
thickness; ▲, 1-mm pedestal thickness. Each data point 
represents the mean value

Table 13.1  Permeability coefficients of SA through 
excised hairless rat skin

Pretreatment Permeability coefficient (cm/s)

Without moxibustion (2.33 ± 0.007) × 10−8

Moxa 1 with a 2-mm 
pedestal

(4.53 ± 1.47) × 10−8

Moxa 3 with a 1-mm 
pedestal

(7.56 ± 0.008) × 10−8

Moxa 3 with a 2-mm 
pedestal

(1.25 ± 0.002) × 10−7

Moxa 3 with a 3-mm 
pedestal

(3.71 ± 0.005) × 10−7

Each value represents the mean ± S.E., n = 5–7, whereas 
Moxa 1 and Moxa 3 represent 1 time and three times con-
secutively for the skin pretreated with moxibustion for 
5.0 min, respectively
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moxibustion with 2-mm pedestal and three moxa 
cylinders with 3-, 2-, and 1-mm pedestal, respec-
tively. The thickness of the pedestal of the moxa cyl-
inder was very important for the effect of moxibustion 
on the skin permeation of SA. Increasing the number 
of moxa cylinders and decreasing the pedestal thick-
ness increased the skin permeation of SA.

13.5	 �Intravenous Injection 
of Na-SA

The abdominal skin of hairless rat was treated 
three times consecutively for 5.0 min with moxi-
bustion. SA-Na (5  mg/kg) was intravenously 
injected through the left jugular vein 30  min 
after starting the first moxibustion, in order to 
evaluate the skin and muscle disposition of topi-
cally applied SA as well as its elimination kinet-
ics. Blood sampling was performed periodically 
from the right jugular vein. The obtained blood 
sample was centrifuged at 4 °C to obtain plasma. 
At the end of the experiment (8 h after the injec-
tion of SA-Na), the skin and muscle tissues 
(2.5  cm diameter under the moxibustion site) 
were excised, and the tissue samples were kept 
until analysis. Time course of plasma concentra-
tion and obtained pharmacokinetic parameters 
for SA are shown in Fig.  13.7 and Table  13.2, 

respectively. No significant difference was 
observed with and without moxibustion pre-
treatment in the elimination pharmacokinet-
ics of SA, suggesting that moxibustion did not 
affect the elimination kinetics from the systemic 
circulation.

The effect of moxibustion pretreatment on the 
amount ratio of SA in the skin and muscle against 
plasma amount was evaluated after 8  h of i.v. 
injection. Table  13.3 and Fig.  13.8 show the 
amount of SA in the skin and muscle and the ratio 
of the skin and muscle amount versus plasma 
amount (s/p and m/p ratio) of SA, respectively, 
where the plasma amount was calculated from 
the plasma concentration and distribution volume 
of SA. The s/p and m/p ratios with moxibustion 
were about four- and twofold higher, respec-
tively, compared to those without moxibustion. 
These results suggest that moxibustion increased 
the skin and muscle concentration of SA under 
the site of moxibustion application, as well as the 
skin permeation of the drug.

a b

Fig. 13.7  Effect of the number of moxibustion cylinders 
(a) and the distance between the cylinder tip and skin sur-
face (b) on the in vitro skin permeation of SA. ●, control; 
◇, Moxa 1 with 2-mm pedestal thickness; ■, Moxa 3 with 
3-mm pedestal thickness; ▲, Moxa 3 with 2-mm pedestal 

thickness; ◆, Moxa 3 with 1-mm pedestal thickness. 
Moxa 1 and Moxa 3 represent 1 time and 3 times con-
secutively for the skin pretreated with moxibustion for 
5.0  min, respectively. Each data point represents the 
mean ± S.E., n = 5–7

Table 13.2  Elimination pharmacokinetic parameters  
of SA

kel Vd (ml)

Control (1.83 ± 0.18) × 10−3 31.49 ± 1.98

Moxibustion (2.26 ± 0.17) × 10−3 29.7 ± 2.06

Each value represents the mean ± S.E., n = 3
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13.6	 �In Vivo Skin Application 
of Na-SA

A glass diffusion cell having an effective diffu-
sion area of 0.95 cm2 was applied on the abdomi-
nal hairless rat skin surface where the same 
moxibustion pretreatment was carried out. SA-Na 
solution was applied 30 min after starting the first 
moxibustion. The effect of moxibustion pretreat-
ment on in vivo rat plasma concentration of SA 
as well as on the ratios of SA amount in the skin 
and muscle against plasma amount was evaluated 
after 8 h of topical application.

Figure 13.9 shows the time course of plasma 
concentration of SA after topical application. The 
skin permeation of the drug with moxibustion 
was about fivefold higher compared to that with-
out moxibustion. The effect of moxibustion in the 
in vivo experiment was, however, lower than that 
in the in vitro skin permeation experiment.

Table 13.4 and Fig. 13.10 show the effect of 
moxibustion on the s/p and m/p ratio of SA after 
topical application. The s/p and m/p ratios with 
moxibustion were about 3 and 15, respectively. 
Especially, the high m/p ratio was observed with 
moxibustion pretreatment. Since the plasma con-
centration itself was increased by moxibustion, 
the skin and muscle concentration were calcu-
lated to be 15- and 70-fold higher compared to 
those without moxibustion.

13.7	 �Tissue Distribution

The effect of moxibustion pretreatment on the 
tissue distribution of Evans blue was evaluated 
after i.v. injection. Figure 13.11 shows the effect 
of moxibustion pretreatment on the tissue distri-
bution of Evans blue 25  min after intravenous 
injection. The skin color clearly became blue at 
the site of moxibustion pretreatment due to Evans 
blue, suggesting that Evans blue easily distrib-
uted especially into the site of moxibustion pre-
treatment after intravenous injection. Apropos, 
the yellow color in Fig. 13.11, was due to resin 
from moxa. A component in moxa, such as 
1.8-cineole, may be related to the penetration 
enhancement effect by moxibustion. Increase in 
the skin and muscle concentration of SA at the 
site of moxibustion pretreatment was observed 
after intravenous injection or topical application 
of Na-SA.  These phenomena are related to the 
effect of moxibustion on the epithelial mem-
branes in the viable epidermis/dermis and 
muscle.

Igarashi et  al. (2001) reported that intrave-
nously injected lipid microspheres containing 
an antirheumatoid drug easily leaked from the 
epithelial membranes into inflammatory foci. 
The inflammation probably expanded into the 
intercellular region or the tight junctions of 
cutaneous vessels so drugs in the systemic cir-
culation may easily leach into inflammatory tis-
sues. This may be the reason for the higher 
effect of moxibustion on the in vitro skin perme-
ation of SA compared with the in vivo skin per-
meation of SA.  In addition, the in  vivo skin 
permeation of SA may inhibit the recovery from 

Table 13.3  SA amount in the skin and muscle 8 h after 
i.v. injection

Skin (nmol) Muscle (nmol)

Control 5.42 ± 0.84 8.68 ± 2.08

Moxibustion 15.7 ± 5.45* 17.1 ± 1.71*

Each value represents the mean ± S.E., n = 3
*p < 0.05 Mann-Whitney U test, compared with control

Fig. 13.8  Effect of moxibustion pretreatment on the 
in vivo plasma concentration of SA following i.v. injec-
tion. ●, control; ■, Moxa 3 with 1-mm pedestal thickness. 
Moxa 3 represents three times consecutively for the skin 
pretreated with moxibustion for 5.0 min. Each point rep-
resents the mean ± S.E., n = 3–4
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inflammation at the site of moxibustion. The 
present results, i.e., leakage of Evans blue from 
the cutaneous and muscle blood capillaries, 
must be due to the same kind of phenomena as 

reported by Igarashi et al. In addition, increase 
in the drug leakage from the cutaneous and mus-
cle blood vessels must be one of the primary 
reasons for the increase in the skin and muscle 
concentration of SA obtained by moxibustion 
pretreatment.

�Conclusion

The present chapter reported about the feasi-
bility to increase the skin permeation of drugs 
by moxibustion pretreatment. Since moxibus-
tion is well known to be safe from its long his-
tory in Japan and China, moxibustion 
pretreatment can be used as a new technique 
to increase the skin permeation of therapeutic 
drugs. In vivo skin permeation was enhanced 
by the moxibustion pretreatment as well as the 
in vitro skin permeation. However, the effect 
by moxibustion was greater in  vitro than 
in vivo. This method which used to increase 
skin permeation of drugs is different from 
other physical penetration enhancement meth-
ods, such as iontophoresis, electroporation, 
phonophoresis, and microneedle application. 
A dermal patch, for example, may be applied 
onto the skin which was pretreated by moxi-
bustion in order to enhance the drug perme-
ation through the skin. Thus, moxibustion 
pretreatment is a unique and useful technique 
to increase or improve the skin permeation of 
topically applied drugs and to increase the 
skin and muscle concentration of systemically 

a b

Fig. 13.9  Effects of moxibustion pretreatment on the ratio 
of SA-Na amount in the skin (a) and muscle (b) against 
plasma amount 8 h after i.v. injection. ■, control; □, Moxa 3 

with 1-mm pedestal thickness. Moxa 3 represents three 
times consecutively for the skin pretreated with moxibustion 
for 5.0 min. Each column represents the mean ± S.E., n = 3

Table 13.4  SA amount in the skin and the muscle after 
8 h of topical application

Skin (μmol) Muscle (μmol)

Control 1.61 ± 0.44 0.064 ± 0.014*

Moxibustion 21.1 ± 1.84* 4.89 ± 0.59*

Each value represents the mean ± S.E., n = 3
*p < 0.05 Mann-Whitney U test, compared with control

Fig. 13.10  Effect of moxibustion pretreatment on in vivo 
plasma concentration of SA following its topical applica-
tion. ●, control; ■, Moxa 3 with 1-mm pedestal thickness. 
Moxa 3 represents three times consecutively for the skin 
pretreated with moxibustion for 5.0 min. Each point rep-
resents the mean ± S.E., n = 3

K. Sugibayashi et al.
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applied drugs (i.v. application). The thermal 
effect of moxibustion was mainly dependent 
on the spacing distance between the moxa and 
skin; therefore, the thickness of the pedestal of 
the moxa cylinder was very important for the 
effect of moxibustion on the skin permeation 
of SA.
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14.1	 �Introduction

Transdermal drug delivery devices encompass a 
variety of active and passive devices employed for 
delivering drugs and vaccines across the skin bar-
rier (Barry 2001; Prausnitz et  al. 2004; Schuetz 
et al. 2005). The classification of active vs. passive 
technologies depends on the technology employed 
for skin permeation enhancement (Arora et  al. 
2008). Active technologies typically increase drug 
transport across the skin by physically disrupting 
the stratum corneum barrier and via supplying an 
added driving force for drug transport across this 
disrupted barrier (Brown et al. 2006). This is espe-
cially advantageous when passive diffusion of 
drugs even across the disrupted skin barrier is not 
sufficient for reaching therapeutic levels, such as 
for macromolecules. In addition, active methods 
also offer more control over delivery profile, as the 
skin barrier is physically perturbed resulting in 
shorter delay between application and drug reach-
ing systemic circulation compared to passive meth-
ods. Also, the device and application parameters 
can be adjusted to better match individual’s skin 
properties. Based on these classification criteria, jet 
injectors form a class of active drug delivery 
devices. Jet injectors deliver drugs or vaccines via a 
high-velocity jet of formulation containing the 
active pharmaceutical ingredient (API). The API-
containing formulation can be liquid or solid/pow-
der and is delivered using a liquid jet injector or 
solid/projectile jet injector, respectively.
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Similar to other active delivery technologies 
such as iontophoresis, microneedles, and ultra-
sound, the challenges associated with developing 
jet injectors go beyond merely creating a high-
velocity jet capable of penetrating the skin (Arora 
et  al. 2008). Jet injectors can have additional 
requirements including customizable power 
source, dosage control, and separation of dispos-
able parts from reusable components. It is this 
complexity of implementation of active delivery 
technologies into devices that makes this task 
challenging. In addition to the complexity of 
device fabrication and integration, issues related 
to maximizing delivery efficiency, while mini-
mizing undesirable reactions such as pain and 
bruising at the site of injection, require signifi-
cant research and development efforts.

Over the last decade, great progress on this 
front has been made with the advent of more 
sophisticated jet injectors, which offer greater 
control over delivery profile and injection param-
eters. Dose resolution in microliter or nanoliter 
volume range has been achieved (Arora et  al. 
2007). At the same time, the newer devices and 
skin breaches caused by them are small enough 
that they appear to be safe, well tolerated by 
patients, and allow rapid skin recovery 
post-administration.

We discuss their mechanisms of permeation 
enhancement, the current devices being used for 
injecting liquid and powder formulations, health 
effects, and future directions for device 
development.

14.2	 �Liquid Jet Injectors

Liquid jet injectors produce a high-velocity jet to 
puncture the skin and deliver drugs without the 
use of a needle. The origin of jet injector may be 
traced back to a device called “aquapuncture,” 
which was reported in literature by Béclard on 
behalf of H.  Galante (Needle-free jet injection 
bibliography, device and manufacturer roster and 
patent list 2013).

Earliest documented research on jet injectors 
began when a mechanical engineer named Arnold 
Sutermeister noticed oil deposits underneath the 

skin of workers, when small leaks occurred in 
high-pressure oil pipelines (Sutermesiter 1954). 
Since then, liquid jet injectors have evolved into 
two separate classes of devices for single use and 
multiple use, i.e., disposable-cartridge jet injec-
tors (DCJIs) and multi-use nozzle jet injectors 
(MUNJIs), respectively (Mitragotri 2006). 
MUNJIs were heavily used for mass immuniza-
tion programs for diseases including measles, 
smallpox, cholera, hepatitis B, influenza, and 
polio. Their use was later discontinued due to 
possible involvement in the spread of hepatitis B 
in the 1980s (Canter et al. 1990). The outbreak 
was reportedly due to splash back of interstitial 
fluid on nozzle, leading to cross-contamination. 
Since then, designs of DCJIs have also evolved to 
separate disposable and reusable components for 
eliminating cross-contamination risks.

14.2.1	 �Injector Design and Operation

The basic components of a liquid jet injector 
consist of a compartment or cartridge for hold-
ing drug formulation, a piston assembly, a power 
source such as coil spring, and an actuation 
mechanism (Fig.  14.1). The drug formulation 
compartment has a fixed-sized orifice typically 
ranging between 76 and 360  μm on one end 
(Mitragotri 2006), through which the liquid can 
be forced out for jet creation, while the other side 
would be closed by the piston. Both prefilled dis-
posable cartridges and cartridges supplied with 
a filling system for end user have been designed 
and used. For operation of a spring-powered jet 
injector, the spring is compressed by the end user 
and the filled drug cartridge is loaded onto the 
cocked injector. Upon actuation, the piston forces 
the drug formulation out of the orifice, thus creat-
ing high-velocity liquid jet (Fig. 14.2). Liquid jets 
are typically turbulent in nature, with Reynolds 
numbers in several thousands (Mitragotri 2006).

Modern jet injectors have clear distinction 
between disposable and reusable components, 
with disposable components consisting of parts 
coming into contact with drug or patient. This 
makes the drug cartridge and part of piston 
assembly coming into contact with drug solution 
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disposable. Newer designs have both these com-
ponents as a part of drug cartridge itself, which 
minimizes the disassembling task post-injection.

14.2.2	 �Mechanism of Action

The mechanism of skin penetration and drug depo-
sition in the skin can be divided into two phases, 
i.e., erosion and dispersion (Baxter and Mitragotri 
2005). In the erosion phase, a high-velocity liquid 
jet impinges on the skin and causes skin fracture 
due to failure under mechanical stress. This phase 
is characterized by creation and progression of a 
hole, formed due to skin erosion along the path of 
jet progression (Fig. 14.2). During erosion, the jet 
progresses under submerged conditions and con-
tinues to increase the hole depth until it has lost the 
power required to deepen the hole further. This 
depth is characterized as the depth where maxi-
mum dispersion of drug formulation would occur 
(Schramm-Baxter et al. 2004). Based on jet power, 
the drug formulation is deposited in a spherical or 
part-spherical pattern, with the terminus of the hole 
acting as a pseudo source of liquid being dispersed. 

This hypothesis was supported by strong correla-
tion between the depth of maximum dispersion, 
measured from skin surface, and hole depth, mea-
sured across skin samples with varying mechanical 
properties and jets created with various design 
parameters. These design parameters are discussed 
in the following section.

14.2.3	 �Design Parameters

The fluid delivery profile of a jet injector can be 
described by percent completeness of injection, 
penetration depth, and fluid dispersion pattern 
inside the skin. The design parameters that can be 
controlled for tailoring this fluid delivery profile 
of a jet injector include jet velocity, orifice size, 
pressure profile, and standoff distance.

The penetration of liquid jet into the skin and the 
percent of fluid delivered into the skin have been 
shown to be dependent on orifice diameter and jet 
velocity. Percent delivery of fluid into human skin 
has been shown to increase in the velocity range of 
80–190 m/s for fixed orifice diameter of 152 μm 
(Schramm-Baxter et al. 2004; Schramm-Baxter and 
Mitragotri 2004). It is expected that a minimum 
threshold velocity would be required to rupture the 
skin, and no penetration would be observed below 
this threshold. The dependence of percent delivery 
on orifice diameter was not as strong as that reported 
for jet velocity. It has been hypothesized that the 
change in jet structure at higher orifice sizes may 
result in decrease of percent delivery. The two 
parameters of jet velocity and orifice diameter have 
been combined into a single parameter of jet power 
(Po). Jet power is calculated as

	
P D uo o o=

1
8

3 3pr
	

where Do is the nozzle diameter, uo is the exit 
velocity, and ρ is the liquid density. Penetration 
depth increased from 0.2 mm at a power of 1 W to 
2.8 mm at a power of 62.4 W (Schramm-Baxter 
and Mitragotri 2004). With variation in jet param-
eters, it is possible to span the full thickness of 
skin and control the depth where the bulk of drug 
solution is being delivered. The percent complete-
ness of injection also increased linearly from near 

Drug Reservoir

Piston

To spring/compressed gas

Fig. 14.1  Schematic of liquid jet injector. The compo-
nents consist of a compartment or cartridge for holding 
drug formulation, a piston assembly, a power source such 
as coil spring, and an actuation mechanism
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zero at a power of 1 W to >90 % at a power of 
~30 W, beyond which the delivery remained con-
stant at or above 90 % (Mitragotri 2006).

The standoff distance is the distance between 
the nozzle of injector and the skin at the time of 
injection. A linear decrease in hole depth was 
reported for increase in standoff distance for 
submerged and unsubmerged injections in poly-
acrylamide gel models (Schramm-Baxter et  al. 
2004). Some commercial injector manufacturers 
have accommodated standoff distance by includ-
ing spacer rings, which can be placed on the skin 
at the time of injection (INJEX Pharma AG 2013).

An important design parameter is the pres-
sure during injection. In a typical pressure pro-
file representative of spring-powered injector, the 
pressure rises from the baseline level to a peak 
of about 3000–4000 psi in under a millisecond, 
which indicates the actuation (Schramm and 
Mitragotri 2002). This pressure level is main-
tained with some oscillations or exhibits a slight 
drop for the duration of injection. A sudden drop 
in pressure marks the end of injection. Modulating 
the pressure profile to better match the delivery of 
fluid with the rate of fluid absorption by the skin 
during injection has been an important area of 
research. To this effect, researchers have devel-
oped newer injector designs, which offer more 
sophisticated control of the jet velocity and thus 
pressure profiles, such as two distinct phases 
of higher and lower pressure to breach the skin 
and deliver the fluid, respectively (Stachowiak 

et al. 2009; Taberner et al. 2012). To achieve this 
control, traditional power sources such as com-
pressed spring have been replaced with piezo-
electric or Lorentz-force actuators (Stachowiak 
et al. 2009; Taberner et al. 2012).

In addition to the parameters described above, 
jet penetration also depends on the skin’s 
mechanical properties, with Young’s modulus of 
the skin being inversely correlated to both hole 
depth and fraction of liquid delivered. This, how-
ever, is not the focus of this section and is not 
discussed in detail. Readers are referred to the 
work published by Baxter and co-workers (2005).

14.2.4	 �Applications

MUNJIs have been used for mass immuniza-
tion programs for diseases including measles, 
smallpox, cholera, hepatitis B, influenza, and 
polio (Mitragotri 2005). DCJIs have been used 
for delivery of several proteins. Most work 
on DCJIs has been done on delivery of insu-
lin (Lindmayer et al. 1986; Weller and Linder 
1966) and growth hormones (Agerso et al. 2002; 
Bareille et al. 1997; Dorr et al. 2003; Verhagen 
et al. 1995), while erythropoietin (Suzuki et al. 
1995) and interferon (Brodell and Bredle 1995) 
have also been delivered. Insulin administra-
tion by jet injectors led to a faster delivery into 
systemic circulation, possibly due to better 
dispersion at the injection site. More recently, 

a b c d

Fig. 14.2  Schematic of drug delivery using liquid jet 
injector. (a) Formation of liquid jet, (b) initiation of hole 
formation due to the impact of jet on skin surface, (c) 
development of hole inside the skin with progress of 

injection, (d) deposition of drug at the end of hole in a 
near spherical or hemispherical pattern (spherical pattern 
shown) (Reprinted with permission from Arora et  al. 
2008)
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Zogenix received approval for SUMAVEL® 
DosePro®, its needle-free jet injector sys-
tem for delivery of sumatriptan, indicated for 
migraine (Zogenix, Inc., USA 2013). To ensure 
commercial success, companies are now mar-
keting their devices for both pharmaceutical 
and cosmetic applications. For example, Injex 
is currently marketing its needle-free jet injec-
tor for the delivery of insulin and local anesthet-
ics as well as for cosmetic applications (INJEX 
Pharma AG, Germany, 2013). However, the 
acceptance of jet injectors has been low due to 
variable reactions at the site of administration 
(see section “Safety” below).

To counter the challenges faced by traditional 
jet injectors, a novel pulsed microjet was also 
developed (Arora et al. 2007). This new approach 
focuses on minimizing pain and bruising by min-
imizing injection volumes and depth of penetra-
tion. The actuation mechanism is based on a 
piezoelectric transducer and offers strict control 
over delivery volumes and injection velocity. The 
high velocity (>100  m/s) of microjets allowed 
their penetration into the skin, whereas the small 
jet diameters (50–100 μm) and extremely small 
volumes (2–15 nl) limited the penetration depth 
of these jets inside the skin to approximately 
200  μm. The efficacy of this design was con-
firmed by delivering therapeutic doses of insulin 
in a rat model.

14.2.5	 �Safety

The acceptance of conventional jet injectors 
has been limited due to variable reactions at the 
administration site. Some reports state no 
difference in the level of pain compared to that 
experienced by hypodermic needles (Sarno 
et  al. 2000), but others have reported higher 
levels of pain (Jackson et  al. 2001). Variable 
reports in  local reactions further augmented 
this fact, with some researchers reporting the 
absence of local reactions (Resman et al. 1985), 
while others have reported significantly more 
reactions including pain, bleeding, and hemato-
mas (Houtzagers et al. 1988). It has been shown 
that the depth of penetration and percent deliv-
ery decrease with increasing Young’s modulus 

(i.e., mechanical strength) of the skin (Baxter 
and Mitragotri 2005). Commercial injectors 
come with very limited choice of settings, and 
owing to the person-to-person variability in 
skin’s mechanical properties, variability in 
patient response may be due to the failure of 
this “one-size-fits-all” approach of current 
commercial devices. Future devices such as 
pulsed microjets or Lorentz-force actuator-
based injectors are being designed to address 
these problems by offering superior control 
over injection profile.

14.3	 �Powder Jet Injectors

The term powder injectors or projectile injectors 
describe injector devices used to deliver vaccines 
or drugs in dry powder or particulate form (Kendall 
2006). Other terms such as biolistic injectors and 
gene guns have also been commonly used for 
these injectors, with the latter term used exclu-
sively for deoxyribonucleic acid (DNA) delivery, 
typically on coated microparticles. Early work on 
powder injectors demonstrated the delivery of 
genetic material in plant cells via coated tungsten 
particles (Klein et al. 1987).

14.3.1	 �Injector Design and Operation

Basic design of solid jet injectors includes 
compressed gas as the power source, a drug 
compartment containing particulate drug for-
mulation, and a nozzle to direct the flow of par-
ticles (Kendall et al. 2004a; Mulholland et  al. 
2004). A schematic of solid jet injector is 
shown in Fig.  14.3. The drug compartment is 
closed with diaphragms on either side, which 
are typically few microns thick. Upon trigger-
ing the actuation mechanism, compressed gas 
from a storage canister expands and pushes 
against the diaphragms, sequentially rupturing 
them. The flow of gas carries the drug particles 
with it. The particles then exit through a nozzle 
and impinge on the skin (Fig.  14.4). Upon 
impacting on the skin, particles puncture 
micron-sized holes into the stratum corneum by 
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virtue of their momentum. Some particles are 
contained in the stratum corneum while a sig-
nificant percent reach the viable epidermis for 
the desired therapeutic effect.

Another design used for studying powder 
injection mechanisms is light-gas gun, which 
uses an accelerating piston for imparting desired 
particle velocity (Crozier and Hume 1957). Upon 
triggering the actuation mechanism, the piston 
accelerates and carries the particles with it.  

A deceleration mechanism forces the piston to 
slow down and makes the particles leave the sur-
face of piston. The particles are ejected and 
impact on target tissue surface.

14.3.2	 �Design Parameters

Key parameters in determining particle delivery 
across the stratum corneum are impact velocity, 
particle radius, and particle density. The particles 
constitute powdered preparation of drugs or vac-
cines and range between 10 and 20 μm. For DNA 
vaccination, coated metal particles between 0.5 
and 3 μm have been used. A much broader range 
of particle sizes (0.5–52.6  μm) and densities 
(1.08–18.2 g/cm3) have been studied for injector 
development (Kendall 2002; Kendall et  al. 
2004a). Increase in particle size has been shown 
to increase delivery in an animal model using 
PowderJect® injector (Isis Innovation Ltd., 
Oxford, UK) (Sarphie et al. 1997). Diameter of 
the treated region is another design parameter 
and has been reported as up to 4 mm. When com-
bined with the key parameters mentioned previ-
ously, this puts a limit of several milligrams on 
the dose delivered. It was also shown that increase 
in relative humidity and temperature increased 

Nozzle

Drug-containing
compartment

Actuation
mechanism

Diaphragms

Compressed
gas source

Fig. 14.3  Schematic of powder injector. The components 
shown include a compartment for holding solid drug for-
mulation, a power source such as compressed gas, sepa-
rating diaphragms, and an actuation mechanism

a b c d

Fig. 14.4  Schematic of drug delivery using powder 
injector. (a) Ejection of particles from the nozzle, (b) 
impact of particles on skin surface, (c) penetration of par-
ticles across the stratum corneum, (d) completion of 

delivery. Particles which penetrate into the skin are mostly 
distributed in the stratum corneum and viable epidermis 
(Reprinted with permission from Arora et al. 2008)
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the depth of penetration of gold particles from the 
stratum corneum to the epidermis using a biolis-
tic injector (Kendall et al. 2004b). Hence, relative 
humidity and temperature may also need to be 
monitored or controlled for targeted delivery.

For studying correlations between particle prop-
erties and skin penetration, a combined parameter, 
namely, particle impact parameter, has been defined 
as ρvr, where ρ, v, and r are particle density, impact 
velocity, and radius, respectively (Rochelle and Lee 
2007; Soliman and Abdallah 2011). Particle impact 
parameter represents momentum per unit cross-
sectional area of the particles. The depth of penetra-
tion and fraction of particles penetrating the stratum 
corneum were found to be directly proportional to 
this parameter. At a fixed value of particle impact 
parameter, an increase in particle radius corre-
sponds to a decrease in particle velocity at constant 
density and resulted in a decrease in penetration 
depth. For a given set of particle properties, varying 
gas pressure can control the velocity of particles. 
Typical range of pressures investigated and used is 
between 200 and 900  psi. Since keeping particle 
impact parameter uniform is necessary for targeting 
specific skin layers, various internal contour designs 
have been studied for achieving narrow velocity 
profiles. This has led to the optimization of internal 
sections of the injector, namely, driver tube and 
shock tube, through which the carrier gas flows 
before reaching the nozzle (Kendall 2002; Kendall 
et al. 2004c). A recent study has revealed a correla-
tion between epidermal cell death and particles 
delivered per unit area of target tissue, making par-
ticle payload another important parameter (Raju 
et al. 2006).

14.3.3	 �Applications

Several researchers have investigated and showed 
the efficacy and dose-sparing effect of biolistic 
injectors for immunization against protein- and 
nucleotide-based antigens including influenza 
virus, papillomavirus, Yersinia pestis, and 
malaria, among others, in various animal models 
(Bennett et  al. 2000; Bergmann-Leitner and 

Leitner 2013; Fynan et al. 1993; Han et al. 1999). 
Dose-dependent antibody response was reported 
for vaccination using DNA-coated gold mic-
roparticles against influenza in humans (Drape 
et al. 2006). Application of biolistic injectors has 
been extended beyond immunization to areas 
such as downregulating allergic response 
(Kendall et al. 2006).

Feltquate and co-workers (1997) showed that 
immunization using gene gun produced predomi-
nantly TH2 response, when antigens were deliv-
ered in the skin or muscle. TH2 response controls 
immunity to extracellular parasites and allergic 
inflammatory responses (Paul and Zhu 2010). 
DNA plasmids expressing proteins of interest 
were used to compare the immunization potential 
of a biolistic injector with intramuscular injec-
tion. It was shown that immunization with biolis-
tic injection could potentially be used to induce 
humoral response irrespective of cellular local-
ization of the protein, which was not the case 
with intramuscular immunization (Morel et  al. 
2004). Another study showed that the efficacy of 
gene gun-based immunization is independent of 
Langerhans cells (Stoecklinger et  al. 2007). 
Biolistic injectors such as Helios® gene gun sys-
tem (Bio-Rad Laboratories, Hercules, USA) 
which can be used with coated gold microparti-
cles are now commercially available to research-
ers for further investigating the applications of 
biolistic injectors (BioRad Helios® Gene Gun 
System 2013).

14.3.4	 �Safety

Erythema has been reported in animals after appli-
cation of PowderJect®, but it was deemed accept-
able (Sarphie et  al. 1997). Human clinical trials 
have reported painless delivery at the time of injec-
tion, with DNA vaccines being well tolerated 
(McConkey et  al. 2003; Roberts et  al. 2005; 
Rottinghaus et  al. 2003; Roy et  al. 2000; Tacket 
et  al. 1999). Post-injection symptoms have been 
reported to develop quickly after the injection, nota-
bly at the injection site, and include mild erythema, 
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hyperpigmentation, flaking, and discoloration at the 
injection site. In some cases, transient sensations of 
mild tingling, tightening, or burning have also been 
reported. Most symptoms disappeared within the 
first month except mild discoloration, which has 
been reported to persist for up to 6 months.

14.4	 �Summary

The concepts, which form the basis of liquid and 
solid jet injectors described here, were discov-
ered and first described several decades ago. The 
literature reviewed here strongly indicates that 
our fundamental understanding of injector design 
parameters and how these parameters affect 
device interaction with the skin has significantly 
advanced over the last decade. These advances 
have resulted in novel device designs with 
increased therapeutic potential and superior con-
trol over delivery profiles, thus promising mini-
mal patient discomfort. Ongoing challenges 
include increasing therapeutic potential still fur-
ther and minimizing patient-to-patient variabil-
ity. Overall, promising trends for the next 
generation of jet injectors have emerged. Current 
disadvantages are big size of some devices and 
high cost for single-use devices or difficulties in 
component reuse. Future challenges lie princi-
pally in device engineering for making devices 
more portable and affordable and ensuring repro-
ducible results across a wide range of subjects.
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Skin Ablation Methods 
for Transdermal Drug Delivery
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15.1	 �Introduction

It is long known that the stratum corneum is the 
main barrier that significantly limits the movement 
of molecules in and out the body. While this is the 
natural very important function of this upper skin 
layer, it also limits the ability to deliver various 
types of medications through the skin (Lane 2013). 
The active molecules that are influenced the most 
from the barrier properties of the stratum corneum 
are the large molecules and/or the water-soluble 
actives (Alexander et al. 2012; Sintov et al. 2003). 
This is due to the dense and lipophilic nature of 
this layer. The delivery of the more lipophilic 
drugs into the skin is possible, but still in a rela-
tively low rate. Thus, from the practical point of 
view of drug product development, only very 
potent, low molecular weight (MW) and lipophilic 
drugs can be considered to be developed as trans-
dermal patches (Prausnitz and Langer 2008).

At the end of the previous century, it became 
understood that while total removal of the stra-
tum corneum beneath a patch may greatly 
enhance drug delivery rates, it is not practical as 
a commercial dosage form due to the risk of 
contamination, the formation of wounds, etc. 
However, minimal and partially removal of the 
stratum corneum, in a matrix form, may be asso-
ciated with only minor discomfort to the patient 
but can greatly enhance transdermal drug deliv-
ery. Various physical methods emerged explor-
ing this possibility, giving birth to new 
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drug-device combination products that enabled 
transdermal delivery of peptides, proteins, as 
well as highly water-soluble drug entities, in 
therapeutic doses.

These delivery systems were based on physical 
method to disrupt the upper skin layers, such as 
electrical (RF), thermal, or laser skin ablation. All 
these delivery methods combined the complexity 
of a medical device used to create pores in the 
upper skin layers, with the challenge of producing 
stable patches designed to hold and deliver pro-
teins or water-soluble drugs, the type of active 
materials that were new to the transdermal sys-
tems industry. Typically, the list of requirements 
from a physical method used to disrupt the stra-
tum corneum was long and quite conflicting:

	1.	 Fast, efficient, and reliable formation of a 
matrix of pores.

	2.	 A safe method, with minimal and transient 
damage to the skin.

	3.	 Minimal sensation and pain.
	4.	 Minimal irritation that resolves as quickly as 

possible.
	5.	 Creation of pores that will not close very 

quickly, in order to enable high delivery rate 
for a long time.

	6.	 A poration method that can be configured into 
a small, home use device.

	7.	 Low-cost device and patches that can be man-
ufactured by mass production.

	8.	 Simple and convenient operation by the patient, 
taking into account any disabilities and limita-
tions that the typical patient may have.

	9.	 Usage of a type of energy that was already 
used in other medical indications. This may 
simplify the regulatory path.

Three main ablation techniques were devel-
oped and studied:

	A.	 Radio-frequency (RF) electrical ablation – The 
ViaDor™ technology was developed by 
TransPharma Medical (Lod, Israel) and acquired 
by Syneron Medical (Yokneam, Israel).

	B.	 Thermal ablation – The PassPort® technology 
was developed by Altea Therapeutics (Atlanta, 
US) and acquired by Nitto Denko (Japan).

	C.	 Laser ablation  – The P.L.E.A.S.E® technol-
ogy was developed by Pantec Biosolutions 
(Germany).

15.2	 �Radio-Frequency (RF) 
Electrical Ablation

FR ablation is a well-known medical technology 
to ablate living cells. It is widely used to cut 
through tissues in minimally invasive operations 
or to treat small tumors in the lungs, breasts, kid-
neys, liver, and more. It is performed by placing 
electrically conductive wires on the body area 
intended for ablation and passing an alternating 
electrical current at a frequency above 100 KHz 
(a range of frequencies called radio frequency), a 
frequency in which there is no sensation, since 
there is no activation of nerves and muscles. This 
process results in a vibration of the ions in the 
cells adjacent to the electrodes, as the ions follow 
the change in electrical current direction. These 
vibrations cause heat which results in water evap-
oration and cell ablation. As a result, small artifi-
cial pores, or microchannels (MCs) are formed in 
the upper skin layers. The depth and diameter of 
the MCs are dependent on the engineering design 
of each device (Kim et al. 2012).

Several companies have designed devices for 
making microchannels in the skin using this type 
of energy. Some are large devices intended to be 
used in aesthetic dermatology clinics for skin 
rejuvenation purposes. These include the 
3DEEP® technology of EndyMed (Caesarea, 
Israel), ArthroCare Corp. (Sunnyvale, California), 
and the Sublative™ technology of Syneron 
Medical (Yokneam, Israel). Others are devices 
designed for drug delivery at home, such as the 
transdermal delivery system of Syneron Medical 
(formerly of TransPharma Medical, Israel), 
called ViaDor™ (Kam et al. 2012). Recently, an 
apparently similar device was reported by 
AmorePacific (Seoul, South Korea) (Kim et  al. 
2012). The later devices consist of a handheld 
electronic control unit and a disposable electrode 
array that can be snapped onto the end of the con-
troller [Levin 2008]. The controller can measure 
the impedance of the skin and adjust the electrical 
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input during the ablation and send the proper 
power to create micropores (Kim et  al. 2012). 
The microelectrode array contains over a hun-
dred of tiny electrodes, made of stainless steel. 
As it is sterile, it is made for one use application, 
thus should be of low cost.

Using these devices, multitude of micropores 
is formed within seconds in the area of the skin 
where the device is applied, thereby preparing 
the treatment site for the patch containing the 
drug. After application of the patch on the pre-
treated area, the drug passively diffuses from the 
patch through the micropores into the deeper skin 
layers and into systemic circulation (Levin 2008). 
Figure 15.1 shows the ViaDor™ system, devel-
oped by TransPharma Medical. The system is 

composed of a device that makes 144 MCs in an 
area of 1 cm2.

The artificial skin pores formed by RF abla-
tion, and their healing process, can be clearly 
seen by histological studies (Fig.  15.2). 
Application of the ViaDor™ device to pig’s skin 
appears to be minimally invasive and of a tran-
sient nature. The micropores crossed the stratum 
corneum and the entire epidermis and penetrated 
the papillary dermis. The histological findings 
demonstrate that healing takes place immediately 
after the MCs formation and that the healing pro-
cess of the epidermis is gradual, as can be seen in 
Fig. 15.2. In a time window of 24 h, almost com-
plete and natural recovery was observed. This 
gradual recovery process of the pores was also 

Fig. 15.1  The 
ViaDor™ Transdermal 
delivery system 
composed of the 
ViaDor™ device, 
disposable electrode 
array, and a suitable 
patch
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expressed by a gradual and constant decrease in 
delivery flux rate during 24  h, as expressed by 
in vitro and in vivo studies (Kam et al. 2012)

15.3	 �Thermal Ablation

Several systems for making pores using thermal 
ablation in the skin were reported. A transdermal 
delivery system, named PassPort®, was devel-
oped by Altea Therapeutics, and its know-how 
was acquired by Nitto Denko (Japan) on April 
2012. This device is based on application of an 
array of metallic filaments (a “porator”) on the 
skin. Pressing the activation button of the appli-
cator releases a single pulse of electrical energy 
to the porator, where the filaments convert the 
electrical energy into thermal energy. Rapid con-
duction of this thermal energy into tiny areas of 

the surface of the skin ablates the stratum cor-
neum under each filament to create tiny pores of 
up to 50 micron in depth that just impinge into 
the viable epidermis. These microchannels are 
filled with interstitial fluid through which water-
soluble molecules permeate to reach the viable 
tissues of the skin. From there, molecules can 
have either local effect or, by entering the circula-
tion via the microcapillaries or lymphatic system, 
systemic effect (Smith and Tomlinson 2008).

A different thermal skin ablation system, 
based on steam jet, was described. The device 
rapidly converts electrical energy into thermal 
and mechanical energy by ejecting a jet of super-
heated steam at the skin on a timescale on the 
order of 100 μs. This is done by capacitively dis-
charging electric current directly through a few 
microliters of water in a microchamber. This per-
mits extremely rapid and efficient heat transfer to 
the skin upon ejection from the device. It is 

Fig. 15.2  Skin histology pictures
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claimed that this system may be inexpensive 
enough to be a onetime use, disposable device 
(Lee et al. 2011).

15.4	 �Laser Ablation

Laser skin microporation system was developed 
by Pantec Biosolutions (Germany). The 
P.L.E.A.S.E® (Painless Laser Epidermal System) 
device uses Er:Yag laser that emits light at 
294 nm, which is the principle absorption wave-
length for water molecules. Excitation of these 
molecules at specific points in the epidermis 
leads to heat generation, evaporation, and forma-
tion of pores (Bachhav et al. 2010). This technol-
ogy was incorporated into two types of devices: 
P.L.E.A.S.E.® Professional for office or clinic use 
in conventional or aesthetic dermatology and 
P.L.E.A.S.E.® Private which is in development as 
a home device for use in combination with patch 
technologies for large molecule drug delivery.

It was found that laser treatment led to forma-
tion of cylindrical pores with diameters ranging 
from 150 to 200 μm. Pore depth was controlled 
by modification of the fluence (laser energy), and 
selective ablation of the stratum corneum was 
achieved by applying lower energies. The depth 
can be as low as 10–30 μm, which results in par-
tially removal of the stratum corneum. The depth 
can also reach the epidermis at 50–80 μm or the 
dermis at 100–195 μm (Bachhav et al. 2010).

The laser ablation technology was shown to 
increase drug delivery flux through the skin. For drugs 
such as lidocaine (Bachhav et al. 2010) and prednisone 
(Yu et al. 2010), delivery rates in vitro were shown to 
increase significantly as a result of laser ablation treat-
ment of the skin prior to drug application, either as an 
aqueous solution or as a cream.

15.5	 �Characterization of Skin 
Artificial Pores for Drug 
Delivery

Numerous studies demonstrated that transdermal 
delivery through the skin micropores created by 
ablation have unique characteristics compared to 

the regular transdermal delivery through intact 
skin:

•	 Chemical nature of the delivered drugs  – 
Unlike regular transdermal delivery, in which 
lipophilic molecules with log P of 1–3 are 
delivered most efficiently, the systemic trans-
dermal delivery through ablation pores favors 
highly water-soluble drugs. Sintov et  al. 
(2003) used a skin RF-ablation device to dem-
onstrate in  vitro and in  vivo the significant 
delivery rate of the highly water-soluble 
granisetron hydrochloride compared to the 
sparingly water-soluble diclofenac sodium. It 
should be noted that the water-soluble salt of 
granisetron was used in this study, and not the 
more hydrophobic base version of the drug, 
that is more suitable for delivery through 
intact skin, as is used in the granisetron pas-
sive transdermal patch Sancuso (ProStrakan, 
Japan). Similarly, the water-soluble fentanyl 
citrate, and not the base form, was used for the 
development of fentanyl transdermal delivery 
system based on thermal ablation by the 
PassPort® device (Smith and Tomlinson 2008). 
Lee et al. (2011) used a different type of ther-
mal skin ablation system to show a signifi-
cantly increased transdermal flux of the 
hydrophilic fluorescent compounds sulforho-
damine and Texas Red-labeled bovine serum 
albumin.

•	 Molecular size – Applying RF-ablation device 
to the skin enables intradermal and transder-
mal penetration of large molecular size enti-
ties. Kim et al. (2012) showed that the in vitro 
delivery of FITC-dextran molecules as large 
as 40KD is enabled by forming pores in the 
skin using RF-ablation device. In the same 
paper, the delivery of epidermal growth factor 
(MW 6KD) through hairless mouse skin was 
demonstrated. Moreover, Levin et  al. (2005) 
showed the delivery of human growth hor-
mone (hGH, MW 22KD) through rat or guinea 
pig skin treated by a microporation device 
based on RF ablation. Insulin systemic trans-
dermal delivery using thermal ablation (Smith 
and Tomlinson 2008) or RF ablation (Levin 
2008) was demonstrated in several clinical 

15  Skin Ablation Methods for Transdermal Drug Delivery



238

trials. Other peptides and protein tested in vivo 
were interferon alpha-2b (Badkar et al. 2007) 
delivery by thermal ablation, salmon calcito-
nin, and human parathyroid hormone delivery 
by RF ablation (Stern and Levin 2012; Levin 
2008; Nakano et al. 2011) as well as follicle-
stimulating hormone transdermal delivery 
using laser ablation (Zech et al. 2011).

•	 Bioavailability – The RF-ablation technology 
not only enabled the delivery of high molecu-
lar weight proteins but also permitted a very 
efficient transdermal delivery of protein drugs. 
Low bioavailability, as compared to parenteral 
administration methods, is one of the major 
obstacles for the development of user-friendly 
delivery methods for peptides and proteins. This 
low bioavailability significantly reduces the fea-
sibility of developing these alternative delivery 
methods as commercial products. If the bio-
availability of the protein using the delivery 
method is low (less than 10–20 %), there is a 
significant loss of protein resulting in higher 
manufacturing costs. This is despite the fact that 
more convenient delivery methods may proba-
bly increase patient compliance and therefore 
drug efficacy. The transdermal bioavailability of 
hGH relative to subcutaneous injection was 
found to be surprisingly high (75 % in rats and 
33 % in guinea pigs) in a previous study (Levin 
et al. 2005). Moreover, even in human clinical 
trials, extremely high bioavailability results 
were found for systemic administration of pep-
tides and proteins by transdermal delivery using 
RF-ablation technology. For example, the trans-
dermal delivery of parathyroid hormone (PTH) 
showed a bioavailability of 40 % compared to 
subcutaneous injection (Levin 2008).

•	 Dose response – It is well known that the stra-
tum corneum functions as a rate controlling 
membrane in the case of regular transdermal 
delivery. Thus, increasing the dose of a drug on 
a fixed area patch doesn’t increase the dose 
delivered into the body. In order to increase the 
delivered dose of a regular transdermal product, 
the patch size is increased accordingly. In the 
case of transdermal delivery through the skin 
following RF-ablation device, it is possible to 
change the delivered dose through the same skin 

area by changing the patch dose. Levin et  al. 
(2005) demonstrated a clear increase in the area 
under the plasma concentration curve (AUC) in 
response to increasing amounts of hGH in the 
patch. This dose response was linear within the 
dose range of 50–300 μg per 1.4 cm2 and was 
observed in both rats and GPs.

•	 PK profile  – The result of the transdermal 
delivery using RF cell ablation can be a peak-
plasma profile or a constant blood level, depend-
ing on the type of patch technology used. Levin 
et al. (2005) used “printed patches” to deliver 
human growth hormone (hGH) through rats or 
porcine skin in  vivo. The use of dry protein 
patches applied on RF-microchannels resulted 
in a plasma peak profile, similar to subcutane-
ous injection. In contrast, granisetron transder-
mal delivery resulted in a continuous delivery 
for more than 24 h, using a patch based on fully 
hydrated hydrogel (Levin and Daniel 2008). 
Transdermal 24  h continuous delivery of fen-
tanyl citrate, a water-soluble salt, was shown. 
This was performed by using the PassPort sys-
tem based on thermal ablation of the skin (Smith 
and Tomlinson 2008).

•	 Lack of reservoir in the skin  – Hydrophobic 
drugs, such as those most suitable for regular 
transdermal delivery, tend to accumulate in 
the lipidic stratum corneum and form a reser-
voir. This reservoir is released slowly into the 
systemic circulation long after the patch was 
removed, exposing the patient to the drug 
when it is no more required. In contrast, the 
water-soluble drugs which are typically suit-
able to be delivered through skin RF-
microchannels do not tend to accumulate in 
the lipid-based stratum corneum; thus, drug 
delivery into the body stops when the patch is 
removed (Smith and Tomlinson 2008).

15.6	 �Using Skin Ablative 
Technologies for Vaccination 
and Allergy Treatment

In addition to drug delivery, skin ablation tech-
nologies were tested for use in transcutaneous 
vaccination. The skin represents an attractive 
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target tissue for vaccination due to its accessibil-
ity and its unique immunological properties. The 
epidermis and dermis are rich in immunocompe-
tent cells, which mediate the immune response 
following exposure to an antigen. Weiss et  al. 
(2012) showed that laser microporation may lead 
to efficient transcutaneous vaccination. The for-
mation of pores in mice skin resulted in high lev-
els of antigen uptake and generation of immune 
response equal or higher than those induced by 
subcutaneous injection of the antigen.

RF-ablation device was also used to evoke vac-
cination response in guinea pigs. Ovalbumin and 
trivalent influenza virus were used as exemplary 
antigens. The transdermal delivery system based 
on RF-skin ablation was highly useful for induc-
ing an immune response to these high molecular 
weight antigens. The immune response induced 
was not limited to one antibody subtype, but 
rather included the production of several antibody 
subtypes, i.e., IgM, IgG, and IgA. Surprisingly, 
no adjuvant was required for the formation of 
the immune response. The immunizing effect 
achieved by the RF-ablation system was as effi-
cient in the absence of an adjuvant as in its pres-
ence and thus may rescue the skin area to which 
the antigenic agent is applied from irritation, sen-
sitization, or toxic effects associated with the use 
of an adjuvant (Levin et al. 2006).

The laser microporation method may be also 
be used to alleviate allergies by transcutaneous 
immunotherapy, as shown in a mice model (Bach 
et al. 2012). This method was shown to be as effi-
cient as the conventional subcutaneous treatment 
by injections.

15.7	 �Gene Delivery to the Inner 
Skin Through Pores Created 
by Ablation

The skin is a valuable organ for the development 
and exploitation of gene medicines. Delivering 
genes to skin is restricted however by the hydro-
philic nature of DNA and the characteristics of 
the stratum corneum (SC) barrier. Birchall et al. 
(2006) demonstrate the utility of the RF-ablation 
skin technology (ViaDor™) that creates transient 

microconduits in human skin, allowing DNA 
delivery and resultant gene expression within the 
epidermis and dermis layers. The microchannels 
formed by the RF device were of sufficient mor-
phology and depth to permit the epidermal deliv-
ery of 100 nm diameter nanoparticles. An ex vivo 
human organ culture model was used to establish 
the gene expression efficiency of a β-galactosidase 
reporter plasmid DNA applied to ViaDor™-
treated skin. The device pretretament promoted 
intense levels of gene expression in the viable 
epidermis.

15.8	 �Peptide Patch Technologies

The manufacturing process of current commer-
cial patches is based on technologies such as 
Drug-in-Adhesive or matrix patches. The active 
materials are mixed, dissolved, or embedded on a 
polymeric matrix, usually based on acrylic or 
siliconic polymers. These technologies are suit-
able for drug molecules that are small and hydro-
phobic (Prausnitz and Langer 2008). Hydrophilic 
active drugs, and more particularly peptides and 
proteins, would require manufacturing method 
and formulations that don’t involve embedding in 
adhesives or contact with hydrophobic solvents. 
Moreover, the high cost of biologic active materi-
als should be kept in mind, thus the manufactur-
ing method should be very efficient, in order to 
minimize drug loss during manufacturing. In 
addition, peptides and proteins are very sensitive 
molecules, prone to degradation by hydrolysis, 
oxidation, de-amidation, aggregation, or loss of 
their native structure. Thus the formulation and 
manufacturing method are also required to pre-
vent these processes and protect the biologic 
active materials in order to retain their stability.

The patch technology developed by 
TransPharma Medical Ltd. involved dissolving 
the active peptide/protein in aqueous solution 
that contained a suitable buffer and other stabiliz-
ers such as carbohydrates, such as mannitol, 
sucrose, or trehalose. The solution is then dis-
pensed in a drop pattern on a nonadhesive liner 
(Stern and Levin 2008). The solution drops are 
dried using a stream of air or nitrogen to yield the 
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final patch, as shown (Fig. 15.3). The drug dose is 
determined by the concentration and volume of 
the dispensed solution. The whole process 
doesn’t involve hydrophobic solvents or heating; 
thus, it can be considered as “environment 
friendly.” Moreover, drug losses during manufac-
turing are minimal, if an accurate computerized 
dispensing method is used. This is a very impor-
tant feature when dealing with costly biologic 
active materials.

This manufacturing process retained the bio-
logical activity of various therapeutic peptides 
and proteins. Moreover, in combination with an 
appropriate packaging system, these patches 
were shown to be stable for more than 2 years.

Peptide patches can also be prepared as the 
more traditional solvent casting process. This is 
done by mixing lyophilized peptide/protein with a 
solution of ethylene vinyl acetate co-polymer that 
is dissolved in methylene chloride. After appropri-
ate mixing the resulting suspension can be casted, 
in the desired thickness, onto a backing film, and 
then dried at ambient temperature for several hours 
to remove the solvent (Eppstein et al. 2007).

�Conclusion

The idea of using skin ablation techniques, 
based on heat, electrical current, or laser, to 
form transient pores in the skin emerged about 
15 years ago. It was found that such artificially 
formed pores in the skin can increase 

transdermal drug delivery rate and enable sys-
temic transdermal delivery of high molecular 
weight drugs. The upper layer of the skin is a 
renewable tissue, thus the use of skin ablation 
methods was shown to be safe.

In addition to transdermal drug delivery, 
the skin ablation techniques may also be used 
for efficient transdermal vaccination.

Development of commercial products 
based on one of the skin ablation technologies 
is a complex process. Such a delivery system 
is considered a combination product – it is a 
combination of a medical device and a drug, 
in a form of a patch. Thus this development 
required the expertise of a medical device 
company as well as all the expertise of a drug 
company. So far, there were several commer-
cial attempts to develop transdermal systems 
based on ablation methods, aiming mainly to 
replace injected drug products. However, up 
to now, no such product was submitted and 
approved by the regulatory authorities. In light 
of the significant advantages of these delivery 
methods over passive transdermal delivery 
and also over parenteral products, the com-
mercial potential of these delivery methods 
still awaits to be realized.
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Microdermabrasion for Enhanced 
Drug Delivery

Harvinder S. Gill and Samantha N. Andrews

16.1	 �Introduction

Microdermabrasion is a cosmetic procedure that 
was developed in the 1980s to resurface the skin 
to improve the appearance of fine lines, wrinkles, 
and superficial scars (Spencer 2005). The proce-
dure uses microparticles that bombard and par-
tially remove the stratum corneum. This causes 
the skin to produce more collagen and elastin 
resulting in improvement of the skin’s surface 
(Bhalla and Thami 2006). Several studies have 
investigated the safety and efficacy of micro-
dermabrasion and determined that it significantly 
improves the skin’s appearance without scarring 
or causing harm to the patient (Freedman et al. 
2001; Spencer and Kurtz 2006).

In recent years researchers have been evaluat-
ing the use of microdermabrasion as a transder-
mal drug delivery tool to remove the stratum 
corneum to increase the skin’s permeability to 
drugs (Fang et  al. 2004a; Fujimoto et  al. 2005; 
Gill et al. 2009; Lee et al. 2006; Zhou and Banga 
2011). The stratum corneum is the main barrier 
to drug delivery and its structure severely limits 
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the number of drugs that can diffuse across the 
skin (Guy and Hadgraft 2002; Naik et al. 2000; 
Prausnitz and Langer 2008). Microdermabrasion 
is comparable to tape stripping (Löffler et  al. 
2004; Surber et al. 1999), but can quickly remove 
the stratum corneum. Shown in Fig. 16.1 is the 
degree of skin stratum corneum removal that can 
be achieved using microdermabrasion. The 
degree of removal can range from partial removal 
of the stratum corneum (Fig. 16.1a) to complete 
removal of the stratum corneum with intact via-
ble epidermis (Fig. 16.1b) to complete removal 
of both the stratum corneum and the viable epi-
dermis (Fig.  16.1c). While the result of micro-
dermabrasion is the same as tape stripping, it is 
more attractive because it is faster and more 
reproducible. It can also be used to remove 
deeper underlying skin layers including the via-
ble epidermis to study the barrier properties of 
the stratum corneum and the viable epidermis.

Removing the stratum corneum using micro-
dermabrasion has been shown to increase the 
skin’s permeability to water-soluble molecules 
that range in size from 130 D to 6 kD in vitro and 
in vivo (Andrews et al. 2011a, 2013; Fang et al. 
2004a; Gill et  al. 2009; Lee et  al. 2003, 2006). 
One in vitro study showed that microdermabra-
sion increased the delivery of sulforhodamine, a 
low molecular weight dye, by 430-fold as com-
pared to intact untreated skin (Andrews et  al. 
2013). While in vitro experiments have been suc-
cessful in demonstrating that microdermabrasion 
can be used to deliver water-soluble compounds, 
in  vivo studies have evaluated the efficacy of 
drugs delivered using microdermabrasion. An 

in  vivo study that delivered insulin to diabetic 
rats after microdermabrasion showed that the 
blood glucose was significantly lowered in rats 
whose skin was microdermabraded compared to 
control animals and had a lower mortality 
throughout the experiment (Andrews et  al. 
2011a).

In the following sections, we describe the 
mechanism of microdermabrasion, the parame-
ters that affect microdermabrasion, its biophysi-
cal effects on the skin, in vitro and in vivo drug 
delivery studies using microdermabrasion, chal-
lenges in the field, and conclusions.

16.2	 �Mechanism and Factors 
Affecting 
Microdermabrasion

16.2.1	 �Mechanism 
of Microdermabrasion

Microdermabrasion involves impingement of 
sharp, multifaceted hard crystalline particles on 
the skin surface to microscopically abrade the 
skin layers. The mechanism is schematically 
described in Fig. 16.2. Typically, aluminum oxide 
particles measuring approximately 200 μm are 
used. The flow of particles is achieved by using a 
vacuum pump, which aspirates fresh crystals 
from a clean crystal container and bombards 
them at the skin via a disposable hand tip attach-
ment (Fig.  16.3a, b). The hand tip contains an 
inlet port for the particles to enter, a small open-
ing (Fig. 16.3c) that contacts the skin to allow the 

a b c

50 µm 50 µm 50 µm

Fig. 16.1  The degree of stratum corneum removal after 
treatment with microdermabrasion. (a) Partial stratum 
corneum removal, (b) complete stratum corneum removal 

with intact epidermis, and (c) complete epidermis 
removal. The depth of the tissue removed depends on the 
pressure, crystal particle flow rate, and exposure time
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user to direct the particles at the skin, and an out-
let port for removal of spent particles. A scanning 
electron micrograph of the alumina particles is 
shown in Fig. 16.3d. The particles achieve high 
kinetic energy due to the pressure differential 
between the outlet and inlet ports, which com-
bined with the sharp particle edges can help cut 
through skin layers creating microfragments of 
the tissue. These microfragments and the waste 
particles are aspirated into a waste container via 
the outlet port.

Using microdermabrasion the stratum cor-
neum layer can be completely removed and a 
drug or vaccine patch can be applied to achieve 
delivery via the skin.

In an alternate approach called microscission-
ing, instead of using vacuum, high-pressure gas 
has been used as a carrier fluid to bombard sharp 
microparticles onto the skin to achieve abrasion 
(Herndon et al. 2004). In this study in vivo lido-
caine delivery and glucose sampling were 
demonstrated.

16.2.2	 �Equipment Manufacturers

Multiple manufacturers offer microdermabrasion 
equipment catering to the cosmetic industry. 
Some manufacturers are (i) DermaMed Solutions, 
394 Parkmount Road, PO Box 198, Lenni, 
Pennsylvania, USA; (ii) Mattioli Engineering 
Corporation, 8300 Greensboro Drive, Suite 800, 

McLean, Virginia, USA; and (iii) Bell Products, 
Inc., 27136 Burbank, Foothill Ranch, California, 
USA.  The authors have experienced using the 
MegaPeel® Gold Series microdermabrasion 
equipment made by DermaMed. Figure  16.3 
shows the MegaPeel device and the associated 
hand tip used for microdermabrasion.

16.2.3	 �Operating Parameters that 
Affect Microdermabrasion

16.2.3.1	 �Pressure
The vacuum pressure in the microdermabrasion 
device provides multiple functions. Importantly, 
the vacuum pressure provides a driving force to 
create a continuous flow of microparticles to 
bombard the skin surface and to aspirate the 
abraded skin microfragments into a waste con-
tainer. The vacuum pressure also controls the 
kinetic energy of the particles that hit the skin 
surface, thus providing a means to modulate 
microdermabrasion to suit different skin types. 
Various in vitro and in vivo studies have demon-
strated the need to optimize the operating pres-
sure to different skin types. A study by Andrews 
et al. (2011c) using porcine skin in vitro demon-
strated that vacuum pressure (30–60 kPa) does 
not significantly affect the degree of tissue 
removal from porcine skin. In contrast a study by 
Gill et  al. (2009) performed in  vivo in humans 
and rhesus macaques showed a dependence of 

Fig. 16.2  Schematic describing microdermabrasion of 
the skin. Sharp multifaceted crystal particles hit the skin 
surface. The kinetic energy of the microparticles coupled 
with their sharp edges causes micro-cutting action to 

abrade layers of the skin. The microparticles after hitting 
the skin and the abraded tissue fragments so produced are 
removed under vacuum (Image not to scale)
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stratum corneum and viable epidermis removal 
on pressure. Figure  16.4 reproduced from this 
study shows that while at a vacuum pressure of 
30 kPa (3 s exposure), there is little to no removal 
of the stratum corneum, an increase in vacuum 
pressure to 45 kPa (exposure time of 3 s) results 

in complete abrasion of the stratum corneum and 
the viable epidermis. A similar effect of pressure 
is seen in rhesus macaques (Gill et al. 2009). This 
species-dependent effect of vacuum pressure 
may be due to species-dependent differences in 
adhesion between the viable epidermis and the 

a b

c d

Mag =    50 X
200µm EHT = 20.00 kV

WD =  24 mm

Aluminum oxide
particles

Tip opening to 
contact skin

Handtip

Out In

Fig. 16.3  Microdermabrasion equipment. (a) Photograph 
of DermaMed MegaPeel® microdermabrasion device. 
Dotted arrows indicate direction of microparticle flow. (b) 
Photograph of hand tip applied to a black paper while 

equipment is operating. (c) Photograph of hand tip show-
ing an 8 mm diameter opening that touches the skin dur-
ing microdermabrasion. (d) Scanning electron micrograph 
of aluminum oxide microparticles
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dermis. As seen in Fig. 16.4, microblisters can be 
formed at high vacuum pressures for human and 
rhesus macaque skin (Gill et al. 2009) and hair-
less rats (Zhou and Banga 2011). Microblisters 
may represent an early stage in the formation of 
macroscopic suction-based blisters, a technique 
which is clinically used to harvest the epidermis 
for transplantation or to study inflammation of 
the skin (Gupta et  al. 1999; Gupta and Kumar 
2000; Suthar et al. 2010). Thus, at high vacuum 
pressures, the viable epidermis may simply be 
tearing away from the dermis rather than being 
removed by particle-based abrasion effects. 
Microblisters were however not seen in pig skin 
(Andrews et al. 2011a, b, c). It is thus critical to 
optimize the microdermabrasion vacuum pres-
sure for use in humans versus other laboratory 
animal models.

16.2.3.2	 �Flow Rate
The flow rate of the device as a function of pres-
sure is dependent on the device used and can be 

controlled via an external knob, which internally 
controls a valve in the flow path of the micropar-
ticles. In a study that used a MegaPeel® 
(DermaMed Solutions, LLC, USA) microderm-
abrasion device, the particle flow rate was found 
to be constant at all times at a specific pressure 
(Andrews et al. 2011a, b, c). Figure 16.5 shows 
the flow rate at a vacuum pressure of 40 kPa at 
three, six, and nine turns of the microparticle 
flow rate knob. Three and six turns of the flow 
rate knob induced a mass flow rate of 
0.36 ± 7.70 × 10−3 g/s and 0.21 ± 2.1 × 10−2 g/s, 
respectively. The microparticle flow rate at nine 
turns was zero. Higher flow rates resulted in more 
tissue removal.

16.2.3.3	 �Stationary Versus Mobile Hand Tip
The hand tip can be held stationary (stationary 
mode), or it can be moved on the skin surface at a 
fixed speed (mobile mode). In either case, the 
time of contact can affect rate and degree of 
microdermabrasion (depth of skin abraded). In 

a

b c

d e

Fig. 16.4  Mobile- and stationary-mode microdermabra-
sion in humans. (a) Bright-field images of hematoxylin- 
and eosin-stained human skin sections from biopsies 
obtained from an untreated control site. (b, c) Sites 
exposed to mobile mode of microdermabrasion with 40 
kPa vacuum pressure and seven passes. (d, e) Sites 
exposed to stationary-mode microdermabrasion with an 

exposure time of 3 s and a vacuum pressure of 30 kPa (d) 
and 45 kPa (e). Dotted rectangles indicate areas of selec-
tive yet full-thickness removal of the stratum corneum, 
double-lined arrows point to microblisters, and single-
lined arrows point to residual aluminum oxide particles 
(Reproduced from Gill et al. 2009 with permission from 
Elsevier)
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the mobile mode, the speed of hand tip move-
ment and the number of times it is repeatedly 
moved across the treatment area can further mod-
ulate the degree of microdermabrasion.

The effect of stationary vs mobile mode of the 
hand tip has been compared in  vitro (Andrews 
et al. 2011a, b, c) and in vivo in humans, rhesus 
macaques, and hairless rats (Gill et  al. 2009; 
Zhou and Banga 2011). The in vitro and in vivo 
studies offer similar conclusions. The different 

parameters investigated in the two in vivo studies 
are summarized in Table 16.1.

Using histological analysis of the skin biop-
sies from humans and macaques, Gill et  al. 
(2009) quantified the effect of different micro-
dermabrasion operating parameters on skin lay-
ers. It was found that in the mobile mode, the 
degree of tissue removal increases with vacuum 
applied, number of passes, and the speed of tip 
movement, while in a stationary mode, the 
degree of skin removal increases with an increase 
in vacuum pressure and time of application. 
Figure  16.4 shows the representative effects 
observed at the different microdermabrasion 
conditions in humans. In stationary mode, 
microblisters (separation of the viable epidermis 
from the dermis) were also observed (Fig. 16.4, 
double-lined arrows), which are undesirable for 
most drug delivery applications. A study by 
Fujimoto et al. has proposed a model to predict 
the flux of drug across the skin based on the dif-
ferent microdermabrasion conditions (Fujimoto 
et al. 2005).

16.2.3.4	 �Microdermabrasion Masks
Microdermabrasion has proven to be a safe pro-
cedure for routine cosmetic applications wherein 
the stratum corneum is only partially removed 
from the skin. In contrast, for drug delivery appli-
cations, it is desirable to remove full thickness of 
the stratum corneum. However, for safety con-
cerns full-thickness removal of the stratum 

Table 16.1  Conditions of microdermabrasion investigated in  vivo for mobile and stationary modes of hand tip 
operation

Species (reference) Mobile mode Stationary mode Conclusions

Human (Gill et al. 
2009)

40 kPa – seven passes 
at 13 mm/s

30 kPa and 45 kPa each 
for 3 s application time

Mobile mode: thickness of the 
stratum corneum layer removed 
increases with vacuum pressure 
and number of passes. At high 
pass numbers, the viable 
epidermis can also be removed
Stationary mode: thickness of 
the stratum corneum layer 
removed increases with vacuum 
pressure and application time. 
At high vacuum pressures, the 
viable epidermis can separate 
from the dermis creating 
“microblisters”

Rhesus macaque (Gill 
et al. 2009)

25 kPa – 100, 200, and 
300 passes at 40 mm/s
50 kPa – 10, 30, 50, 80, 
and 100 passes at 
40 mm/s

30 kPa and 50 kPa each 
for 3 s and 6 s application 
time

Hairless rat (Zhou and 
Banga 2011)

50.8 kPa – 1, 3, 5, 10, 
and 20 passes at 3 s/
pass

50.8 kPa for 3, 5, or 10 s

Fig. 16.5  Particle flow rate as a function of time. Particle 
flow rate at a vacuum pressure of 40 kPa at three, six, and 
nine turns of the particle flow rate knob is shown. Three 
turns of the knob is the most aggressive and nine is the 
least. Abrading skin with a higher flow rate results in a 
greater amount of tissue removal
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corneum should be limited to microscopic islands 
rather than bulk areas of the skin. In principle 
because the stratum corneum is the major rate-
limiting barrier, even if the stratum corneum can 
be removed from microscopic areas of the skin, a 
significant enhancement in skin permeability 
should be observed. Indeed creation of discrete 
micron-sized holes in the stratum corneum using 
microneedles (Gill and Prausnitz 2007a, b; 
Wermeling et al. 2008), lasers (Fang et al. 2004b), 
and thermal ablation (Lee et al. 2011) has been 
shown to increase skin permeability by orders of 
magnitude. To create such discrete and localized 
areas of microdermabrasion, a mask with micron-
sized holes has recently been developed (Andrews 
et  al. 2011a, b, c). This mask when placed 
between the skin and the hand tip protects the 
skin from particles except in areas where the skin 
is exposed via the mask holes. The masks can be 
fabricated using metals or polymers and can have 
different hole sizes. An example of a mask used 
with microdermabrasion is shown in Fig. 16.6a. 
The mask is fabricated out of stainless steel and 
has holes that are 250 μm in diameter. The 
abraded areas of the skin were stained with a dye 
and are shown in Fig. 16.6b. A histological sec-
tion of the skin of one of the sites of abrasion is 
shown in Fig. 16.6c. Using a mask allows greater 
control over the area, amount, and depth of skin 
abrasion and improves reproducibility. The mask 
approach has been used in  vivo to achieve a 
therapeutically effective delivery of insulin in 
diabetic rats (Andrews et al. 2011a).

16.3	 �Biophysical and Molecular 
Effects of Microdermabrasion

16.3.1	 �Loss of Skin Barrier Property

A major effect of microdermabrasion on the skin 
is the partial or complete removal of the stratum 
corneum, which leads to reduction in barrier 
property of the skin. The conventional methods 
to probe skin integrity can be used to assess skin 
barrier reduction and healing kinetics following 
microdermabrasion.

16.3.1.1	 �Transepidermal Water Loss
Transepidermal water loss (TEWL) is a measure 
of the amount of water permeating from the skin 
outward toward the surroundings. TEWL 
increases with loss of skin integrity and thus 
offers a convenient method to study microderm-
abrasion. TEWL has been used in different 
microdermabrasion studies (Lee et  al. 2003; 
Rajan and Grimes 2002; Zhou and Banga 2011) 
and has been shown to increase and to correlate 
with the extent of microdermabrasion 
performed.

16.3.1.2	 �Electrical Resistance
Intact skin with a fully formed stratum corneum 
has a high electrical resistance. Any disruption of 
the barrier property of the stratum corneum 
causes a decrease in the skin’s electrical resis-
tance. Using this characteristic, microdermabra-
sion of the skin can be monitored, and the skin 

a b c

Fig. 16.6  Mask for microdermabrasion. (a) 
Photomicrograph of stainless steel mask array with 
250 μm diameter holes. (b) Photomicrograph of porcine 
skin surface after abrasion through the mask. Green dye 

was used to stain the areas of abrasion. (c) Photomicrograph 
of a histological section of the skin with arrows pointing 
to the area of abrasion
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healing kinetics after microdermabrasion can be 
studied. In a study by Andrews et al. (2011b), it 
was concluded that after 24 h of microdermabra-
sion in hairless guinea pigs, the permeability bar-
rier was largely restored.

16.3.2	 �Molecular Changes 
in the Skin 
After Microdermabrasion

Microdermabrasion produces micro-wounds in 
the skin tissue. Consequently the procedure can 
be expected to cause various biochemical and 
molecular changes in the skin. Karimipour et al. 
(2005, 2006) have examined messenger ribonu-
cleic acid (mRNA) levels in skin biopsies of 
human subjects and have shown that proinflam-
matory cytokines such as tumor necrosis factor-
alpha (TNF-α) and interleukin-1β (IL-1β) 
increase 4- and 27-fold, respectively, after 
microdermabrasion compared to untreated skin. 
Importantly, suction pressure alone did not sig-
nificantly increase the level of these cytokines, 
and the presence of abrasive particles during 
microdermabrasion was needed to observe this 
upregulation. It is important to note that in the 

study by Karimipour et al., the microdermabra-
sion conditions were tuned toward the conven-
tional cosmetic application, which are less 
aggressive and do not fully remove the stratum 
corneum. Table 16.2 summarizes the molecular 
effects observed after microdermabrasion.

16.3.3	 �Skin Healing

Clinically, microdermabrasion is not used to 
remove the entire stratum corneum layer and 
requires several treatments to achieve the desired 
cosmetic result. However, the complete stratum 
corneum and epidermis typically need to be 
removed to aid in drug delivery (Andrews et al. 
2011a). In a study that investigated the healing of 
microdermabrasion in hairless guinea pigs after 
stratum corneum removal, researchers found that 
the skin was permeable till 4 h after microderm-
abrasion, the stratum corneum barrier partially 
reformed within 12 h, and by 24 h the skin was 
largely repaired. The rate of healing was con-
firmed by electrical resistance measurements and 
by observing the diffusion across the skin after 
topical application of sulforhodamine B 
(Andrews et al. 2011b).

Table 16.2  Changes in biomolecule levels in the skin after microdermabrasion

Biomolecule Significance of biomolecule

Biomolecule mRNA 
level after vacuum 
alone as compared to 
untreated skin

Biomolecule mRNA level 
after vacuum + particles as 
compared to untreated skin 
(time to achieve mRNA peak 
after microdermabrasion)

c-Jun component of activated 
protein-1

Important in inflammation, 
wound healing, growth, and 
differentiation

No significant 
change

Three- to fivefold increase 
(8 h)

Tumor necrosis factor-alpha 
(TNF-α)

Proinflammatory molecule No significant 
change

Fourfold increase (4 h)

Interleukin-1 beta (IL-1β) Proinflammatory molecule No significant 
change

27-fold increase (4 h)

Matrix metalloproteinase-1 
(MMP-1)
Matrix metalloproteinase-3 
(MMP-3)
Matrix metalloproteinase-9 
(MMP-9)

Matrix remodeling enzymes No significant 
change
No significant 
change
No significant 
change

1800-fold increase (4 h)
1750-fold increase (4 h)
Eightfold increase (8 h)

Reference: Karimipour et al. (2006)
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16.4	 �Transdermal Drug Delivery 
with Microdermabrasion

Microdermabrasion has been tested in vitro and 
in vivo to assess its ability to increase skin per-
meability and drug flux across the skin.

16.4.1	 �In Vitro

Microdermabrasion conditions have been tested 
in vitro on different skin types using both hydro-
philic and lipophilic drugs with different molecular 
weights (MWs). Table  16.3 summarizes these 
effects and demonstrates the utility of microderm-
abrasion in improving skin permeability to hydro-
philic drugs. However, for lipophilic drugs different 
effects on permeability have been observed. While 
for retinol no significant increase in permeability 
was observed (Zhou and Banga 2011), in contrast a 
threefold decrease (p < 0.05) in permeability was 
observed for clobetasol 17-propionate (Lee et  al. 
2006). This reduction in clobetasol 17-propionate 
permeability was attributed to the inability to form 
a drug depot in the stratum corneum once the layer 
is removed via microdermabrasion.

16.4.2	 �In Vivo

Several studies have investigated the delivery of 
drugs after microdermabrasion in  vivo to deter-
mine drug efficacy and flux. The molecules that 
have been delivered range from small hydrophilic 
molecules to insulin that normally would not dif-
fuse across intact skin (Andrews et al. 2011a; Gill 
et al. 2009; Lee et al. 2006). Shown in Table 16.4 
is a summary of molecules that have been deliv-
ered using microdermabrasion in vivo. The amount 
of drug that is transported across the skin is depen-
dent on the molecular weight. In the study by 
Andrews et  al. (2011a), it was interestingly 
observed that the viable epidermis had to be 
removed in addition to the stratum corneum to 
observe a therapeutically relevant delivery of insu-
lin. This effect is discussed in more detail below.

16.4.3	 �Role of the Stratum Corneum 
and Viable Epidermis

While the stratum corneum is a known barrier to 
drug delivery, the studies presented by Andrews 
et al. highlight the importance of the barrier prop-
erty of the viable epidermis, which is often 
ignored in transdermal drug delivery. In in vitro 
studies, it was seen that by removing the stratum 
corneum via microdermabrasion, low molecular 
weight hydrophilic drugs (sulforhodamine B) 
could permeate the skin rapidly (Andrews et al. 
2013). However, it was observed that proteins 
(insulin and bovine serum albumin) and other 
high molecular weight substances (inactivated 
influenza virus) required removal of the viable 
epidermis for appreciable delivery (Andrews 
et al. 2011a). This effect also echoed in in vivo 
studies. Andrews et al. found that removal of just 
the stratum corneum did not significantly reduce 
the blood glucose level in diabetic rats after topi-
cal application of insulin on microdermabraded 
skin. Instead, the epidermis also had to be micro-
dermabraded to achieve a drop in blood glucose 
level comparable to that of an insulin injection 
(Andrews et al. 2011a). The selectivity of the epi-
dermis is probably due to the basal lamina, which 
is also a barrier to molecules (Bissett 1987) larger 
than 40  kDa. Selective removal of either layer 
(stratum corneum or epidermis) can be used as a 
method to control the rate and amount of drug 
that is delivered.

16.5	 �Challenges

16.5.1	 �Device Practicality and Cost

Commercial microdermabrasion devices that are 
approved for cosmetic use are priced at USD 
10,000 to 15,000. They also require a source of 
electricity to operate. In addition they require 
trained personnel to perform microdermabrasion. 
The devices also have an operating cost associ-
ated with them arising from the need to purchase 
alumina crystals and disposable hand tips for 
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each patient. Based on the experience of the 
authors in using the MegaPeel® equipment, a 
fresh crystal container and the associated waste 
filter cost approximately a couple of hundred US 
dollars, and a single disposable hand tip costs a 
couple of dollars. At this price point, the proce-
dure is rather expensive. It also lacks patient con-
venience since the procedure requires the patient 
to visit the clinic.

16.5.2	 �Reproducibility 
and Standardization

Although multiple microdermabrasion systems 
are commercially available, these devices are not 
engineered with the objective of removing full-
thickness stratum corneum for drug delivery. 
Even with cosmetic applications in mind, the dif-
ferent brands of equipment lack standardization, 
and the equipment are not accompanied by sup-
porting in vivo test data. While different investi-
gators have certainly used these devices in their 
laboratory to achieve removal of the stratum cor-
neum, it is important to design microdermabra-
sion devices that are user friendly and have high 
reproducibility in achieving full-thickness stra-
tum corneum removal.

16.5.3	 �Drug Delivery Duration

One challenge with using microdermabrasion as 
a method to facilitate transdermal drug delivery 
is that the rather fast rate of skin healing can limit 
the duration of drug delivery. The skin functions 
as a barrier for the body and any breach results in 
rapid recovery in an effort to repair itself. Several 
studies have investigated the rate of barrier for-
mation after its disruption by microdermabrasion 
and other methods such as microneedles. In 
experiments that use rodents, the barrier reforms 
rapidly, in some cases within a day (Andrews 
et al. 2011b; Davidson 1997). This limits applica-
tion time of drug patch and delivery via micro-
dermabraded skin to less than 24  h. A similar 
limitation also exists in the use of microneedles 
for drug delivery in which first microneedles are 
used to create micropores in the stratum corneum 
and later a drug patch is applied. The healing of 
the skin upon microneedle treatment can be as 
fast as 2 h, although this process can be slowed 
up to 40 h by occluding the microneedle-treated 
area (Gupta et al. 2011). In an attempt to further 
prolong skin healing time after microneedle 
treatment, agents such as diclofenac have been 
investigated (Banks et  al. 2011; Brogden et  al. 
2012). A similar approach may also help to 

Table 16.4  In vivo drug and vaccine delivery using microdermabrasion

Compound
MW (g/mol)  
(hydrophilic/lipophilic) Animal

Skin layer 
removed Effect of microdermabrasion Reference

5-Aminolevulinic 
acid

168 (hydrophilic) Nude 
mice

Partial 
Stratum 
corneum

Flux: 274.04 ± 35.09 μg/cm2/h 
(48-fold enhancement over 
untreated skin)

Lee et al. 
(2006)

Modified 
vaccinia Ankara 
virus

Viral particle Rhesus 
macaque

Stratum 
corneum

Antibody titer in serum: 
5300 ± 1800

Gill et al. 
(2009)

Insulin (U-100 
Humalog)

5813 (hydrophilic) Hairless 
rat

Epidermis Maximum plasma insulin  
concentration
Microdermabrasion 
 = 0.98 ± 0.73 ng/ml
Subcutaneous injection  
= 0.44 ± 0.30 ng/ml

Andrews 
et al. 
(2011a)

Insulin (U-100 
Humalog)

5813 (hydrophilic) Hairless 
rat

Stratum 
corneum

Concentration not significant (no 
enhancement over untreated 
skin)

Andrews 
et al. 
(2011a)
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prolong the time for skin healing after micro-
dermabrasion, thus potentially offering a wider 
time frame for drug delivery.

16.6	 �Conclusion and Future 
Directions

Microdermabrasion technology has the potential 
to enhance permeability of the skin to enable dif-
fusion of large molecules including proteins and 
viral particles. However, considering the chal-
lenges noted above, it is important to develop and 
engineer a device that provides reproducible and 
precise control over the depth and area of micro-
dermabrasion. In addition it is perhaps also 
important to identify alternate crystal materials to 
substitute aluminum oxide. Debris of these crys-
tals were seen entrapped in the skin after micro-
dermabrasion (Gill et al. 2009). While aluminum 
oxide is considerably inert, its long-term effect 
when entrapped within the body is not known. 
Substituting this material with a biocompatible 
and resorbable material would certainly increase 
patient safety.
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Microporation in Penetration 
Enhancement

Thakur Raghu Raj Singh and Ryan F. Donnelly

17.1	 �Introduction

The important requisite for an efficient drug deliv-
ery therapy is to deliver the drug at the site of 
action at optimal concentrations and for optimal 
time periods. However, in most instances, these 
drug molecules require to cross one or more bio-
logical barriers in the body in order to reach its 
target. The body contains many biological barri-
ers that serve to protect its interior from a variety 
of external invaders, including therapeutic mole-
cules. Several potential therapeutic agents have 
been limited by their inability to reach systemic 
circulation, due to the excellent barrier properties 
of the biological membranes, such as stratum cor-
neum (SC) of the skin or sclera/cornea of the eye 
and others. In addition, the selective permeation 
of the therapeutic agents is limited by its specific 
physicochemical properties.

Of the many biological barriers, the research-
ers remained most attractive to the human skin, 
the largest single organ of the body, for local or 
systemic drug delivery. This route of delivery 
offers many advantages over oral drug delivery, 
which includes avoidance of gastrointestinal tract 
and liver, first-pass effects, controlled and con-
tinuous drug delivery, easy removal of the dosage 
form and importantly good patient compliance. 
However, as stated above the outermost layer of 
the skin, the SC, remains the key for the skin bar-
rier function to xenobiotics ensuring a difficultly 
in passage of most drugs both into and through 
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the skin (Barry 2001). Like the other biological 
barriers, the SC has highly organised lipid matrix, 
which have a crystalline, gel or liquid crystalline 
character, and their arrangement provides great 
resistance to molecular penetration of the mem-
brane (White et al. 1988; Bouwstra et al. 1994).

In transdermal drug delivery, two types of 
technologies are used (i.e. passive and/or active) 
to overcome the barrier function of SC and to 
enhance the permeation of therapeutic mole-
cules. Passive methods include the use of chemi-
cal enhancers, emulsions and lipid assemblies. 
However, these methods may have a lag time of 
up to several hours and cannot be easily adapted 
for rapid onset or modulated delivery timing. 
Furthermore, the advent of new advances in the 
field of biotechnological drug products, such as 
peptidomimetics, peptides, proteins and oligo-
nucleotides, has generated new challenges for 
the need of cutting-edge drug delivery devices, 
which otherwise have limited permeation across 
the biological membrane (Kalia et  al. 2004). 
These limitations of passive method compelled 
researchers from the academic and industrial 
researchers to make use of active methods for 

permeation enhancement across biological 
membrane (Prausnitz et al. 1993). A number of 
approaches to enhance the transdermal drug 
delivery have been discussed elsewhere in the 
book. However, this chapter discusses about var-
ious techniques principally assisting in skin 
microporation, to desired depths, that gain 
importance and are growing at a faster rate than 
before.

Microporation of skin enhances the permeabil-
ity of drug molecules, and it is based on the prin-
ciple of creating micron-sized channels/pores, of 
defined dimensions, in the skin, which can then 
allow the transport of water-soluble molecules 
and macromolecules. Figure 17.1 shows a typical 
microporated skin sample following application 
of microneedles (MNs). Microporation-based 
drug delivery devices have been described as one 
of the few third-generation enhancement strate-
gies, which have been indicated to have a signifi-
cant impact on medicine (Prausnitz and Langer 
2008). A number of techniques, based on either 
mechanical or external energy sources, have 
been studied to create micropores in the skin 
(Prausnitz et al. 1993); such techniques include 

MN Base-plate

MN Base-plate

MN induced micropore

SC

MN

SC

In situ microchannel

Fig. 17.1  Optical 
coherence topography 
(OCT) images showing 
microporation of human 
skin by using polymeric 
MN array (with height 
600 μm, width at base 
300 μm, spacing 300 μm) 
in (a) 2D and (b) 3D. Scale 
bar is 300 μm in each case 
(Reprinted with permission 
from Elsevier, Donnelly 
et al. 2010)
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laser microporation, thermal microporation, 
electroporation (Moatti-Sirat et al. 1992), radio 
frequency (Schmidtke et al. 1998), microneedle 
(MN) arrays (Donnelly et al. 2010), ultrasound/
phonophoresis or sonophoresis (Tamada et  al. 
1995) and high-pressure gas/powder or liquid 
microporation (Mitragotri et al. 1995). In addi-
tion to passage of drugs into the body, micro-
poration devices have successfully demonstrated 
the collection of biological fluid samples from 
the body or for certain medical or surgical pro-
cedures (Anubhav et  al. 2008). This chapter 
specifically discusses the mechanism of micro-
poration by different techniques, pore closure 
phenomenon following microporation and safety 
of the microporated skin, and it also addresses 
a series of microporation-based products that 
are presently in preclinical or clinical phase of 
development.

17.2	 �Mechanism of Creating 
Micropores by Different 
Microporation Devices

Microporation devices are considered to be non-
invasive or minimally invasive in nature and 
therefore its application is painless. Drugs deliv-
ered using these minimally invasive or noninva-
sive microporation devices are generally absorbed 
into the body as quickly as the drugs adminis-
tered by conventional subcutaneous needle injec-
tion (Brearley et  al. 2007; Harris et  al. 2006). 
Different microporation techniques work on dif-
ferent principles, but all techniques have one 
common goal, which is to disturb the principle 
barrier of the skin, i.e. SC by creating micropores 
(Fig.  17.2). Once created these micropores or 
pathways are orders of magnitude bigger than 
molecular dimension and therefore should read-
ily permit transport of macromolecules as well as 
possibly supramolecular complexes and mic-
roparticles (Bouwstra et  al. 1994). For drug 
delivery applications, microporation of the skin 
by different devices can be divided into two cat-
egories, i.e. mechanical method or active method. 
Mechanical method-dependent microporation 
technique involves the use of the MN-based 

devices. In contrast, thermal, radio frequency, 
ultrasound/phonophoresis, high-pressure jet and 
electroporation are based on active micropora-
tion techniques. The following sections detail the 
mechanism of microporation by different devices; 
however, readers are requested to refer relevant 
chapters in this book for more detailed studies on 
enhanced drug delivery achieved by using these 
devices.

17.2.1	 �Active Microporation 
Techniques

Active microporation of the skin can be achieved 
by using external source of energy. Therefore, 
these methods require much more complicated 
devices than the mechanical-based microporation 
devices, which need physical application to cre-
ate micropores or microchannels, as shown in 
Fig. 17.2.

17.2.1.1	 �High-Pressure Gas or Liquid 
Microporation

Invented in the 1940s, the high-pressure jet 
injectors are perhaps the oldest micropora-
tion device intended to eliminate the directly 
mechanical piercing of the skin by hypoder-
mic needles and/or syringes. Jet injections 
employ a high-speed jet to puncture the skin 
and deliver drugs without the use of a needle 
(Baxter and Mitragotri 2005). Injectors can be 
broadly classified as either multi-use nozzle jet 
injectors (MUNJIs) or disposable-cartridge jet 
injectors (DCJIs) (Baxter and Mitragotri 2005; 
Mitragotri 2006). These devices basically con-
sist of a power source, usually a compressed gas 
and spring or piezoelectric actuator which upon 
actuation pushes a piston, which in turn impacts 
on a drug-loaded compartment, causing a surge 
in pressure and release of the drug-containing 
vehicle through a nozzle as a jet at a speed of 
between 100 and 200  ms−1 (Mitragotri 2006). 
The jet creates micropores upon impinging on 
the skin and delivers the drug at a depth depen-
dent, either directly into muscles or subcutane-
ous or intradermal layers, on the characteristics 
of the jet, namely, orifice diameter, jet exit veloc-

17  Microporation in Penetration Enhancement



260

ity and distance travelled. Micropore diameter is 
comparable to the jet diameter, which increases 
with increase in the distance travelled. The skin 
erosion and fracture are the root causes of micro-
pore formation, as shown in Fig. 17.2a (Baxter 
and Mitragotri 2005). Several patents are in place 
for this method of drug delivery, in addition to 
the multitude of delivery devices already avail-
able, some of which are listed below under their 
trademark names: PenJet®, J-Tip®, Cross-Ject®, 

PowderJect®, MediJect®, Injex 30®, MHI-500®, 
LectraJet® and Impla-Ject®.

Literature review indicates enhancement of 
numerous drug molecules has been achieved by 
utilising this technique. However, in addition to 
drug delivery, jet injectors have also been pro-
posed for the delivery of anti-ageing cosmetic 
products. For example, have proposed needle-
free injector kits and quantities of dermal filling 
material for use in soft tissue augmentation. More 

a b

c d

Fig. 17.2  (a) Image showing penetration of microjets into 
the human skin in vitro. It also shows the intact structure of 
corneocytes around the injection site. The image was taken 
15–30 min postinjection. Scale bar is 200 μm (Arora et al. 
2007). (b) Scanning electron microscopy of radio fre-
quency (RF)-microchannels in heat-separated epidermal 
membrane following two applications of ViaDerm™, high 
magnification showing dimensions of microchannels; 

scale bar is 100 μm (Birchall et  al. 2006). (c) Image of 
micropore arrays on pig cadaver skin after 30-min delivery 
of sulforhodamine to thermally ablated skin. Scale bar is 
1000 μm (Lee et al. 2011). (d) Scanning electron micros-
copy image of a single pore following laser microporation 
in mouse skin, generated by delivery of eight pulses at 
0.76 J/cm2 per pulse. Scale bar is 50 μm (Reprinted with 
permission from Elsevier, Weiss et al. 2012)
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specifically, the needle-free injectors allow injec-
tion of viscous materials, such as collagen, hyal-
uronic acid and other polymers that are useful as 
dermal fillers to fill undesired lines, wrinkles and 
folds.

17.2.1.2	 �Radio Frequency 
Microporation

Percutaneous penetration can also be facilitated 
by ablation of the outer layers of the skin by 
using alternating electrical current at radio fre-
quency (RF) of 100–500 kHz. The passage of this 
current through cells in the upper skin strata, via 
an array of microelectrodes placed on the skin, 
propagates ionic vibrations through skin cells 
resulting in local heating, liquid evaporation and 
removal of cells. As a result, transient aqueous 
microchannels are created across SC and epider-
mis, called RF-microchannels (Fig.  17.2b), 
which enable or augment effective movement of 
water-soluble substances through the skin. 
Compared to other electrically assisted drug 
delivery techniques, such as electroporation and 
iontophoresis, microchannels formed using RF 
ablation are relatively large which enables trans-
port of high-molecular weight compounds with-
out the need for ionising or polarising the 
molecules. Furthermore, the formed microchan-
nels do not reach underlying nerve endings and 
blood vessels; therefore, skin trauma and neural 
stimulations are minimised like with other micro-
poration techniques discussed here (Sintov et al. 
2003; Levin et al. 2005). Additionally, combina-
tion of RF-microchannel generation in conjunc-
tion with iontophoresis has also been studied 
(Levin et al. 2007a, b). For example, pretreat-
ment of the human skin in vivo using ViaDermTM, 
a RF-microporation-based device, followed by 
iontophoretic patch application was reported to 
facilitate insulin delivery by a factor of 2.5 com-
pared to ViaDermTM treatment alone (Levin et al. 
2007a, b).

17.2.1.3	 �Thermal Microporation
It has been well documented that the flux of 
drugs through the skin is temperature sensitive 
and this factor has been utilised in transdermal 
and other types of delivery systems in recent 

times. This began with patented transdermal 
patch devices, which used heat to formulate the 
patch, rather than to increase the flux of drug 
across the skin (Konno et al. 1987; Kuratomi and 
Miyauchi 1988; Stewart 1989). In contrast, 
microporation of biological membrane was used 
to enhance drug delivery. Thermal micropora-
tion of skin involves application of rapid and 
controlled pulses of thermal energy by means of 
tiny resistive elements to a defined site on the 
skin surface to create micropores. The thermal 
energy will be passed through the array of tiny 
elements for few milliseconds, which causes 
flash vaporisation of SC cells in an area about 
the width of a human hair to create micropores 
(Fig. 17.2c) (Banga 2006).

Devices that directly used heat to increase the 
flux of drug across the skin became more preva-
lent in the 1990s. In the last 20 years, many new 
devices and methods have been established that 
utilise the microporation effects that are achieved 
when thermal energy is focussed on the skin and 
other biological membranes. In recent years more 
advanced devices have been developed, with 
some reaching full clinical trial and mass-scale 
production such as Altea PassportTM system. 
Furthermore, a combination of thermal micro-
poration with other techniques has demonstrated 
much-improved enhancement than use of ther-
mal microporation alone.

17.2.1.4	 �Laser Microporation
Ablation of the skin can also be achieved by 
using a laser emitted at a defined wavelength, 
which is directly absorbed by the tissue to form 
micropores, where irradiation of laser energy 
causes instant tissue vaporisation due to flash 
evaporation of water within in the irritated area 
following microexplosion that results in tissue 
ablation (Fig. 17.2d) (Nelson et al. 1991). It is 
this rapid energy loss from the ablated site, 
which protects the surrounding tissue from 
heat-induced damage. The two optimal wave-
lengths at which skin ablation can be achieved 
are short-wavelength ultraviolet and mid-infra-
red, which is absorbed by tissue proteins and 
tissue water, respectively. The amount of SC 
removal can be efficiently controlled by 
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controlling the level of energy imparted on the 
skin, especially when applied at lower energy 
levels (Nelson et al. 1991).

17.2.1.5	 �Ultrasound (Phonophoresis, 
Sonophoresis) Microporation

Ultrasound is defined as sound with frequency 
ranging from 0.02 to 10.0 MHz and an inten-
sity range of 0.0–3.0 W/cm2 (Mitragotri et al. 
2000). Sonophoresis, also known as phono-
phoresis, describes the effects of ultrasound 
on the movement of drugs through intact 
skin and into soft tissues (Ng and Lui 2002). 
Ultrasound-enhanced drug delivery has several 
important advantages in that it is noninvasive, 
can be carefully controlled and can penetrate to 
desired depths into the body. The early use of 
ultrasound as a physical enhancer in transder-
mal drug delivery is developed nearly 50 years 
ago, a method referred to as sonophoresis or 
phonophoresis (Ng and Lui 2002). Exposure 
of a biological membrane to ultrasound 
causes sonoporation, which is the temporary, 
non-destructive perforation of the cell mem-
brane. This transient state enhances permeabil-
ity of therapeutic agents into cells and tissues 
(Harvey et al. 2002). However, the preceding is 
not intended to digress from the major principal 
of the review; however, before we emphasise 
the ultrasound-patented drug delivery systems, 
it is important to situate these systems in their 
contextual background.

Ultrasound is produced by a transducer 
composed of a piezoelectric crystal, which 
defines the frequency of emitted waves and 
converts electric energy into mechanical 
energy in the form of oscillations, generating 
acoustic waves. During the propagation of 
these acoustic waves through a given medium, 
a wave is partially scattered and absorbed by 
the medium, resulting in attenuation of the 
emitted wave with the lost energy being con-
verted into heat ultrasound which can be emit-
ted either continuously (continuous mode) or 
in a sequential mode (pulsed mode) (Machet 
and Boucaud 2002). The mechanism of ultra-
sound effects on the skin in drug delivery is not 
clearly understood; however, various different 

mechanisms were proposed (Lavon and Kost 
2004; Tachibana and Tachibana 1999; Joshi 
and Raje 2002), as follows:

	 (i)	 Cavitation: Ultrasound generates gaseous 
cavities in a medium, and their subsequent 
collapse causes release of shock wave, 
which then causes structural alterations in 
the surrounding tissue. Cavitation leads to 
disordering of the lipid bilayers and for-
mation of aqueous channels in the skin 
through which drugs can permeate and 
therefore increases the bioavailability of 
the drugs.

	(ii)	 Thermal effects (increasing of temperature).
	(iii)	 Induction of convective transport.
	(iv)	 Mechanical effects (stress occurred because 

of pressure which is induced by ultrasound).

The experimental findings suggest that 
among all the ultrasound-related phenomena, 
evaluated cavitation has the dominant role in 
sonophoresis, which suggests that application 
of low-frequency ultrasound should enhance 
transdermal transport more effectively (Machet 
and Boucaud 2002).

Applications of ultrasound differ depending 
upon the frequency range of ultrasound used. For 
example, high-frequency (3–10 MHz) ultrasound 
is used for diagnostic conditions in clinical imag-
ing, medium-frequency (0.7–3.0  MHz) ultra-
sound for therapeutic physical therapy and 
low-frequency (18–100 kHz) ultrasound for lith-
otripsy, cataract emulsification, liposuction, can-
cer therapy, dental descaling and ultrasonic 
scalpels (Gustavo et al. 2003).

There are innumerable applicators in the mar-
ket that use sonophoresis technology. For 
instance, the ultrasonic teeth cleaning devices 
used by dentists have a frequency range of 
25–40 KHz. Moreover, portable, pocket-size son-
icators with rechargeable batteries for drug injec-
tion and analyte monitoring characterised with 
sensors are also available commercially 
(Mitragotri et  al. 2000). In future applications, 
ultrasound technology seems to show promise 
for immunisation with vaccines and topical gene 
therapy. Some current applications consist of 
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drug delivery, administration of targeted thera-
peutic and diagnostic agents, detection and deter-
mination of analyte, termination of cancer tissues, 
fatty tissues or kidney and gall bladder stones 
(Mitragotri et al. 1995).

It can be seen from various literature reports 
that ultrasound was used in an attempt to 
enhance the absorption of different molecules 
through the human skin. More recently, it was 
demonstrated that low-frequency ultrasound 
(<100  kHz), which causes cavitational disor-
dering of SC, has been used to provide enhanced 
transdermal transport of low-molecular weight 
drugs, as well as high-molecular weight pro-
teins (insulin, γ-interferon and erythropoietin) 
across the human skin (Mitragotri et al. 1995). 
There is good evidence for reversible effect on 
SC and potential usefulness of ultrasound 
within clinical settings (Mitragotri et al. 1996). 
But the commercial availability of ultrasound 
devices, especially for transdermal drug deliv-
ery, is very limited, even though many patents 
were filed. This represents that there is a need 
for more sophisticated devices, particularly 
addressing the advantages of low-frequency 
ultrasound for its non-thermal bioeffects, 
mostly by cavitations. Apart from the drug 
delivery applications, the novel noninvasive 
ultrasonic devices can conceivably be used in 
the extraction of clinically important analytes 
from the interstitial fluids of the skin. However, 
the successful application of these novel 
devices in drug delivery or monitoring needs to 
demonstrate successful preclinical or clinical 
studies before commercialisation.

17.2.1.6	 �Electroporation 
Microporation

Electroporation or electropermeabilisation is 
the temporary perturbation of structural lipid 
bilayer of biological membranes by the appli-
cation of high-voltage pulses (≥50  V) and 
allows DNA or other macromolecules to enter 
the cells (Banga and Prausnitz 1998). When a 
short pulse is applied to generate a supra-
breakdown potential across the membrane, the 
membrane will breakdown, leading to the cre-
ation of microchannels.

17.2.2	 �Physical Microporation 
Technique

17.2.2.1	 �MN Microporation
Apart from the various different techniques men-
tioned above, the microporation of the biological 
membrane, to desired depths, can also be 
achieved by the use of MNs (Fig. 17.1a). Even 
though, ALZA Corporation appears to be the first 
to use MN described in the late 1976 patent 
(Gerstel and Place 1976), the first paper to dem-
onstrate MNs for transdermal delivery was not 
published until 1998 (Henry et  al. 1998). MNs 
consist of plurality of microprojection arrays, 
generally ranging from 50 to 2000 μm in height, 
of different shapes and sizes. These MNs are 
attached to a base support, and simple physical 
application of such MN arrays to the skin surface 
can create transport pathways of micron dimen-
sions in the biological membrane (Fig.  17.1b), 
unlike the above microporation devices that need 
external source of energy. MN can be solid or 
have a hollow bore and can be made from metal, 
polymers, elemental silicon or glass. For a 
detailed review on MN types, manufacturing 
technology and application in transdermal drug 
delivery in clinical studies, the reader is requested 
to refer relevant chapters in volume four of this 
book. Importantly, there has been a substantial 
increase in the attention that MN technology has 
received over the last 5 years, with a number of 
publications concerning MN evaluation more 
than tripling since 2005.

17.3	 �Safety Associated 
with the Use 
of Microporation Devices

Microporation of the skin results in breaching 
the skin’s SC barrier, thereby enhancing delivery 
of drugs of different physicochemical properties. 
However, application of microporation devices 
could also be associated with sensation of pain, 
erythema or both. Furthermore, by creating 
microchannels across the skin’s SC, its barrier 
property is compromised, whereby increasing 
the risk of invasion of exogenous materials (e.g. 
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microorganisms), which depended upon the 
micropore dimensions. Additionally, multiple 
application of same microporation device can 
also pose the risk of contamination and could 
easily cause cross contamination between indi-
viduals. Furthermore, the nature of material used 
in fabrication of microporation device could also 
cause safety concerns, particularly if the mate-
rial remains within the skin tissue due to 
improper use or accidental breakage during 
application. All the above concerns are integral 
component of these types of delivery systems 
and therefore need careful consideration. For 
example, in the past high-pressure jet devices 
have been employed for mass delivery of vacci-
nation through the skin but fell from favour when 
a link to hepatitis B spread was established after 
vaccination with multi-dose injectors, which was 
caused by cross contamination between patients 
following jet application. This issue, in combi-
nation with the variability in patient response, 
such as occasional pain, discomfort and local 
reactions, inconvenience of use compared with 
injections and cost are potential barriers for the 
development and commercialisation of this drug 
delivery method (Hingson et al. 1963). Despite 
more than 50 years of clinical use and hundreds 
of patents, these jet injectors have not reached 
their full potential, in terms of replacing the rou-
tine needle-based delivery. However, recent 
demands of effective delivery of macromole-
cules including DNA (deoxyribonucleic acid), 
insulin, growth hormones, vaccines and other 
biotechnological products (Mitragotri 2006), in 
addition to other therapeutic drug molecules, 
have resulted in the improvement on the existing 
technologies of jet injectors. Especially, microjet 
injectors with low volumes, smaller nozzle 
diameters, and pulsed small injection volumes 
are considerably beneficial in reduction of occa-
sional pain and consistence delivery. In addition, 
a better understanding of the jet injections on the 
skin at a cellular level, variability in jet penetra-
tion depending on skin properties, mechanisms 
of jet injections and mechanical properties of the 
skin need a special attention for effective 
performance. Likewise, RF-microchannelling 
devices and electroporation, which have shown, 

enhanced the delivery of both low- and high-
molecular weight therapeutic molecules which 
are another promising technology. However, 
wider usage of such devices can only demon-
strate the effectiveness of the technology and the 
suitability of devices.

On the other hand, the limited number of stud-
ies has demonstrated the use of laser-based 
microporation devices for the microporation of 
biological membrane; the possibility of portable 
laser devices will definitely improve the market 
potential transdermal drug delivery. However, 
more studies are required to demonstrate the clin-
ical safety of using high-powered laser, the cost 
and its application for both drug delivery and 
minimally invasive monitoring.

The practicality of ultrasound microporation 
in health sciences as a biomedical applicator, as 
well as a therapeutic agent, is increasing. The 
use of ultrasound as an aid for increasing skin 
permeability depends upon the non-thermal 
bioeffects of its cavitation. In essence, attention 
should be paid to the issue of ultrasound technol-
ogy’s effects on the structure of the skin to 
develop a useful tool that takes accounts for 
safety issues.

For all the microporation devices, a database 
of information on the microchannel closure rates 
should be provided, and factors affecting this 
should be thoroughly investigated, since the open 
micropore could jeopardise the skin’s barrier 
property.

17.3.1	 �Micropore Closure 
and Recovery 
Following Microporation 
Devices

Microporation devices can create transient 
aqueous microchannels, which enable trans-
membrane delivery of a wide range of mol-
ecules. But, creation of micron-sized pores or 
microchannels will also disrupt the SC barrier 
function of the skin. The degree of disruption 
is dependent upon the micropore dimensions, 
for example, in MN-based microporation tech-
nique, the needle of longer length causes greater 
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barrier disruption than a needle of shorter length. 
However, irrespective of type of microporation 
method, the microchannels reseal over defined 
duration of time due to the skin’s natural repair 
mechanisms (Menon et  al. 1992). Though sig-
nificant the number of studies has been shown 
to improve drug delivery across microporated 
skin, very few studies have shown the charac-
terisation of microchannels dimensions and its 
closure rates. In doing so, numerous instrumen-
tal methods have been reported to measure the 
rate of the skin’s resealing behaviour following 
application of microporation devices, such as 
dye staining, transepidermal water loss (TEWL) 
measurements, confocal microscopy, electrical 
impedance spectroscopy, histological stain-
ing and OCT.  Noninvasive techniques such as 
TEWL measurements and digital imaging, fol-
lowing methylene blue staining (Fig. 17.3) of the 
microporated skin, are used as traditional tech-
niques to determine the pore recovery or pore 
closure. However, more reliable and real-time 
in situ imaging techniques, such as OCT, have 
been demonstrated to give detailed information 
about the depth of penetration, dissolution (in 
the case of soluble MNs) and also skin recovery 
on a patient-to-patient basis (Fig. 17.4).

Banga’s research group demonstrated, using 
maltose MNs, that the microchannels created on 
hairless rat skin recover their barrier function 
within 3–4  h, and microchannels closed within 
15 h after poration when exposed to the environ-
ment. However, in occluded conditions, the 
microchannels remained open for up to 72  h 
in  vivo (Kalluri and Banga 2011). Recently, 
Prausnitz’s research group performed first human 
experiments to analyse the resealing of the skin’s 
barrier properties after insertion of MNs using 
electrical impedance spectroscopy. In this study 
different MN geometries were investigated. 
Results indicated that in the absence of occlu-
sion, all MN-treated sites recovered barrier prop-
erties within 2 h, whilst it took nearly 3–40 h for 
resealing of microchannels depending on MN 
geometry (Gupta et  al. 2011). Brogden et  al. 
(2012) demonstrate that a one-time MN treat-
ment, in first human study, and daily topical 
application of diclofenac sodium can prolong the 
lifetime of micropores, when measured by 
impedance spectroscopy, suggesting the involve-
ment of subclinical inflammation in micropore 
healing. A methylene blue staining study by 
Brichall’s group showed that the MN-induced 
micropores close at 8–24 h after the removal of 
MNs immediately (Haq et al. 2009).

Generally, medical device-related infections 
do occur due to contaminated needles. Whilst 
there is no doubt that alcohol wipes are used 
before vaccination, injections given by patients to 
themselves in their own homes, such as subcuta-
neous enoxaparin and insulin, are not typically 
preceded by skin cleansing. In any case, it is well 
established that the use of alcohol to decontami-
nate the skin is not particularly effective, with 
significant bioburdens remaining (Hoffman 
2001). Importantly, regular use of alcoholic gels 
can lead to irritant and allergic dermatitis, which 
alter the composition of the resident flora (Elsner 
2006). On the other hand, if microporation-based 
drug delivery systems are to realise their 
undoubted potential, then they must be able to be 
used safely and routinely by patients in their own 
homes. Because microporation devices create 
micropores and its degree of pore closure varies 
with different dimensions of microporating 

Fig. 17.3  A digital image of MN penetration followed by 
methylene blue staining that shows a 100 % penetration 
into the stratum corneum of neonatal porcine skin in vitro, 
following an insertion forces of 0.03  N per needle or 
greater
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devices, it is important that no contamination of 
sterile epidermis will occur. Such as microbial 
ingress into viable epidermis that may occur dur-
ing the closure of the pores, therefore, safety due 
to this needs consideration.

We have recently demonstrated that the micro-
organisms (i.e. Candida albicans, Pseudomonas 
aeruginosa and Staphylococcus epidermidis) 
could traverse through the MN-induced holes in 
the SC. It has been clearly shown, using two dif-
ferent models, that representative Gram-positive 
(S. epidermidis) and Gram-negative (P. aerugi-
nosa) bacteria and fungi (C. albicans) can indeed 
traverse MN-induced holes. Hypodermic needle 
puncture led to significantly greater microbial 
penetration across an in  vitro membrane (i.e. 
Silescol®) than MN puncture in each case. This 

was despite the cross-sectional area of the needle 
employed (0.5  mm2) being less than the com-
bined cross-sectional area of the 30  MN of the 
array (1.5  mm2). This study suggested that the 
infection risk associated with skin application of 
MNs is very minimal and it is likely to be less 
than that associated with hypodermic needles. 
Safety can be enhanced by aseptic or sterile man-
ufacture and by fabricating MNs from self-
disabling materials (e.g. dissolving or 
biodegradable polymers) to prevent inappropri-
ate or accidental reuse (Donnelly et  al. 2009). 
Similar to our study, Li and colleagues (Li et al. 
2010) have also studied potential infection 
through microchannels in in  vivo rat model. In 
this study, super-short silicon MNs of 70–80 μm 
heights and macroneedle of 1500 μm in height or 
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Fig. 17.4  OCT images of in vitro dissolution profile of 
MNs (with height 600 μm, width at base 300 μm, spacing 
300  μm) in porcine skin over a 3-h period (a = time 0; 
b = time 15 min, c = time 30 min, d = 60 min, e = 120 min, 
f = 180 min). (Scale bar represents length of 300 μm). It 
can been seen that in this microporation technique, the 

MN dissolves and at the same time the skin starts the 
recovery process, which is dependent upon the type of 
MN and its dissolution rate. On the other hand, this tech-
nique can be used for real-time in situ monitoring for both 
MN dissolution/swelling and skin recovery (Reprinted 
with permission from Elsevier, Donnelly et al. 2010)
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abrasion using sterile equipment were tested, fol-
lowing which a solution of Staphylococcus 
aureus culture was applied to the treated sites. 
Blood samples were collected and analysed for 
white blood cell, leukomonocyte and neutrophil 
granulocyte count. Results indicated that the 
super-short MNs were similar to that of control 
group (rats without any treatment). In contrast, 
macroneedle treatment and abrasion lead to 
higher cell counts. Thus, MN treatment appears 
to be safe but should be used within certain 
dimensions if not it may result infection, which 
also applies to other microporation techniques. 
Therefore, it is important for researchers to dem-
onstrate that the pores created on the skin follow-
ing microporation application will reseal within 
specified time. Furthermore, infection risk asso-
ciated with skin application of MNs is likely to 
be less than that associated with hypodermic 
needles. However, in supporting widespread clin-
ical use of MN-based delivery systems, more ani-
mal studies are needed to conclusively 
demonstrate its in vivo safety. Similar studies are 
imperative to be conducted by all the other range 
of microporating devices, as each work on differ-
ent principles and could cause different rates of 
skin resealing kinetics.

17.4	 �Microporating Devices 
in Clinical Trial

The US Food and Drug Administration (FDA) 
approved the first transdermal patch products in 
1981. Now, the transdermal drug delivery mar-
ket, worth $12.7 billion dollars in 2005, is 
expected to reach $32 billion in 2015 (Research 
Facts Ltd 2009). Importantly, the microporation 
devices that significantly enhance the delivery of 
wide range of molecules, including biotechno-
logical products, across the skin can have marked 
effect on the market size of transdermal drug 
delivery. Accordingly, many pharmaceutical 
companies are actively involved in the evaluation 
of their microporation devices for clinical 
studies.

TransPharma Medical’s implementation of its 
innovative RF-MicroChannel Technology is the 

self-applied ViaDorTM drug delivery system. 
TransPharma recently replaced the name of its 
drug delivery system from ViaDerm to ViaDor™. 
Pretreatment of rats with ViaDermTM device and 
following administration of medical patch con-
taining testosterone-sulfobutyl ether-ß-
cyclodextrin solution resulted in significantly 
higher serum concentration of testosterone com-
pared to control rats treated with patch only 
(Levin et  al. 2005). Similarly, ViaDermTM 
enhancement of transdermal delivery of granise-
tron hydrochloride from granisetron patches 
in vivo (Levin and Dorit 2005) as well as delivery 
of cosmetic agents such as salicylic acid and caf-
feine from solutions or commercial products 
in  vitro was also demonstrated. Further, 
ViaDermTM was reported to facilitate transdermal 
immunisation with ovalbumin and trivalent influ-
enza vaccine in male guinea pigs. Comparison 
between well-established and widely used vacci-
nation routes (subcutaneous and intramascular) 
and transdermal vaccination using the above-
mentioned apparatus indicated that ViaDermTM 
treatment can shorten the time for appearance of 
titres of IgG and IgA antibodies proving useful-
ness of the device as a potential vaccine adminis-
tration system (Levin et  al. 2007a, b; Levin 
2007).

In addition, TransPharma currently has three 
drug products in clinical trials, the ViaDor-hPTH 
(1–34), a novel transdermal hPTH (1–34) (human 
parathyroid hormone) product for the treatment 
of osteoporosis developed in collaboration with 
Eli Lilly and currently in Phase 2b clinical stud-
ies; ViaDor-GLP1 (glucagon-like peptide-1) ago-
nist for the treatment of type II diabetes that has 
completed Phase 1b clinical study; and the 
ViaDor-Calcitonin that has completed a Phase 1 
clinical trial (TransPharma 2012). Recently, 
Syneron Medical Ltd., the leading global aes-
thetic device company, announced that it  
has signed a definitive agreement to acquire  
substantially all the assets of TransPharma  
Medical Ltd.

Altea’s PassPort® system is comprised of a 
single-use disposable PassPort® patch and a 
reuseable handheld applicator. The former con-
sists of a conventional transdermal patch attached 
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to an array of metallic filaments (‘porator’). 
Pressing the activation button of the applicator 
releases a single pulse of electrical energy to the 
porator, where it is converted into thermal energy. 
The rapid conduction of this thermal energy into 
the surface of the skin painlessly ablates the SC 
under each filament to create microchannels. 
When the applicator is removed, a simple fold-
over design aligns the transdermal patch with the 
newly formed microchannels. Indeed, at the 
beginning of April 2009, Altea Therapeutics 
announced that it has entered into an agreement 
with Eli Lilly and Company and Amylin 
Pharmaceuticals, Inc. to develop and commer-
cialise a novel daily transdermal patch delivering 
sustained levels of exenatide utilising the Altea 
Therapeutics proprietary PassPort® transdermal 
delivery system. Currently, Altea is developing 
on four clinical-stage products using PassPort® 
technology: enoxaparin sodium, exenatide, basal 
insulin and fentanyl citrate. Altea Therapeutics, 
supported by Eli Lilly and Company and Amylin, 
recently completed an initial Phase 1 clinical 
study of the exenatide transdermal patch in 
people with type 2 diabetes (TechConnect 2012). 
Altea has also completed Phase I clinical studies 
of transdermal patches delivering basal levels of 
insulin in managing type 1 and 2 diabetes. A 
Phase I clinical trial is underway for fentanyl 
citrate (Dubin 2011). Now, Japanese material 
manufacturer Nitto Denko has acquired all of 
Altea’s patents, trademarks and lab equipment, 
planning to use the company’s transdermal tech-
nology to launch the patch on its own.

The limited number of companies has demon-
strated the use of electroporation devices for 
commercial use, for example, Inovio established 
the use of electroporation to deliver and enhance 
the potency of DNA-based immunotherapies and 
vaccines, which consist of electrical pulse gener-
ators and needle-electrode applicators 
(Genetronics 2012). Inovio Pharmaceuticals or 
its partners and collaborators are conducting 
multiple clinical trials for DNA vaccines to pre-
vent and/or treat cancers and infectious diseases.

In addition to the above, Pantec Biosolutions 
AG has patented many other patents (Bragagna 
et  al. 2005; Bragagna et  al. 2006a, b, c), and 

currently this technology called P.L.E.A.S.E.® 
(Painless Laser Epidermal System) is in clinical 
studies to deliver small- and large-molecular 
weight therapeutics. Development of transdermal 
patch systems, optimised for use with the 
P.L.E.A.S.E.® technology, is ongoing. In addi-
tion, the company has completed investigations 
with diclofenac and lidocaine. Using the 
P.L.E.A.S.E.® device, the company is currently in 
clinical trials for the delivery of in vitro fertilisa-
tion (IVF) hormone, with an estimated market 
value of US$ 1.5–2 billion. In December 2008 
the company has received CE marking for 
P.L.E.A.S.E.® (Pantec Biosolutions 2012). At the 
end of 2010, Pantec Biosolutions announced that 
a FSH (follicle-stimulating hormone of 32 kDa) 
patch used in conjunction with the company’s 
novel P.L.E.A.S.E.® technology has successfully 
achieved proof of concept in an exploratory clini-
cal trial (Dubin 2011). On the other hand, 
Norwood Abbey, a biotechnology company, has 
developed Epiture Easytouch™. The laser-based 
Epiture Easytouch™ is claimed to be a revolu-
tionary new drug delivery device that uses a laser 
to painlessly remove the SC and helps the skin to 
more rapidly absorb topical anaesthesia. It was 
shown, in human studies, that the dermal anaes-
thesia of 4 % lidocaine cream reduced the onset 
time from 60 to 5 min (Epiture Easytouch 2012). 
The US and Australian regulatory bodies have 
approved the Norwood Abbey system for the 
administration of a topically applied anaesthetic.

Echo Therapeutics, Inc. (formerly Sontra 
Medical) is a developing Prelude® SkinPrep 
System, a sonoporation-based platform technol-
ogy, to allow for significantly enhanced and pain-
less skin permeation that will enable two 
important applications: analyte extraction, with 
the Symphony® tCGM System for needle-free, 
continuous glucose monitoring of hospital 
patients as the first application. And, needle-free 
delivery of topical lidocaine, as the first applica-
tion, is ongoing (a 510(k) premarket notification 
has been submitted to the US FDA). Additional 
applications for painless, needle-free delivery of 
drugs are planned.

Under current investigations, MN-based sys-
tems are perhaps the most promising micropora-
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tion systems. Several of such systems, following 
patent publication, are moving towards commer-
cial availability. In addition to the systems 
described below, several other companies/
research centres are also actively involved in 
investigation of novel MN devices. These include 
3  M, Therajet, Norwood Abbey, NanoPass 
Technologies Ltd., Apogee Technology 
(PyraDermTM), Integrated Sensing Systems, Inc. 
(ISSYS), Animas Corporation-Debiotech, Imtek, 
Kumetrix, Micronit Microfluidics B.V., Nano 
Device, Silex Microsystems AB, SpectRx, 
Valeritas, Zeopane and Elegaphy.

Becton, Dickinson and Company (BD) has 
patented MN devices primarily for vaccine deliv-
ery (Paul 2002). The vaccines division of Sanofi-
Aventis received the marketing authorisation 
from the European Commission for the first 
intradermal (ID) influenza vaccine Intanza® or 
IDflu®, using the BD SoluviaTM microinjection 
system (BD 2012). Independently, BD conducted 
clinical trials involving more than 700 subjects 
and 3500 injections with BD SoluviaTM and 
demonstrated that the system is barely percepti-
ble, safe and easy to use and showed reproducible 
injections to the dermal layer, irrespective of the 
subject’s gender, age, ethnicity and body mass. 
Zosano PharmaTM is currently preparing to enter 
a pivotal Phase III clinical trial using the 
Macroflux® technology developed by ALZA. A 
solid drug-coated MN patch system (MN height 
190 μm) for the delivery of parathyroid hormone 
in the treatment of severe postmenopausal osteo-
porosis will be used. There appears to be a high 
likelihood of positive outcomes, based upon 
extremely encouraging and relatively large-scale 
Phase II results. Importantly, Zosano PharmaTM 
has incorporated an applicator system as an 
essential component of this delivery system. This 
applicator applies a consistent, pain-free force 
and has been optimised for easy use by elderly 
patients. Furthermore, focus study groups (288 
postmenopausal women with osteoporosis aged 
60–85 years) were conducted to evaluate patient 
perception of this technology, with positive out-
comes noted. It was highlighted that 93 % of 
patients liked the patch concept ‘extremely well’, 
whilst 90 % rated it as easy to use, as exemplified 

by the fact that 82 % of patients were capable of 
applying the patch correctly the first time without 
any help. Indeed, it appears that incorporation of 
the applicator device lead to enhanced patient 
acceptability and faith in the device as a drug 
delivery system. NanoPass Technologies Ltd. has 
conducted a number of clinical trials demonstrat-
ing effective, safe and painless intradermal deliv-
ery of local anaesthetics, insulin and influenza 
vaccine via their MicronJet® technology (hollow 
MN device). Similarly, 3  M’s microstructured 
transdermal system (MTS), having either solid or 
hollow MNs, has shown promising results in sev-
eral preclinical studies investigating delivery of 
proteins, peptides and vaccines.

�Conclusion

Conventional needles and syringes that directly 
pierce the skin surface remain the main inva-
sive drug delivering method. Needles are the 
most efficient and cost-effective devices to 
administer medicaments to local skin compart-
ments or to the systemic circulation. This direct 
administration of medicaments is the simplest 
way of by passing SC barrier. Despite this, the 
needle-based therapy suffers many disadvan-
tages, such as needle-stick injuries associated 
among the patients and the healthcare workers, 
painful administration process, poor patient 
compliance and extra cost in disposing them. In 
addition, needle-transferred infections such as 
HIV-1 and hepatitis B or C infections also 
remain a major problem in the developing 
world. On the other hand, the barrier property 
of SC limits successful transdermal drug deliv-
ery by traditional patch-based drug delivery 
systems. But microporation techniques have 
the potential to overcome the above problems 
and can achieve successful delivery of macro-
molecules and biopharmaceuticals across bio-
logical barriers. Given the potential of such 
agents as next-generation therapeutics, it is 
hardly surprising that a significant number of 
firms are actively involved in fabrication and 
evaluation of different microporation devices. 
Indeed, it has been shown that microporation 
techniques, and the combination thereof, can 
enable the successful delivery of a wide range 
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of drug molecules. A number of companies, as 
detailed above, have demonstrated clinical effi-
cacy of such devices, and some are in the pro-
cess of being launched onto the market in the 
near future. However, before these micropora-
tion devices find widespread use, researchers 
must perfect the devices and techniques for 
optimal usage. Furthermore, comprehensive 
additional clinical studies are necessary to 
show that creation of pores in biological mem-
branes is safe and reversible.
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Microporation Using Microneedle 
Arrays
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18.1	 �Introduction

The skin is an appealing site for systemic deliv-
ery of active pharmaceutical ingredients (APIs) 
(Banga 2006; Gupta and Sharma 2009). The 
transdermal route offers certain advantages 
among other non-invasive routes of drug deliv-
ery, such as avoidance of first-pass hepatic 
metabolism, potential for continuous drug admin-
istration and controlled drug deposition. Despite 
this, to date, there are only around 35 transdermal 
products that have been currently approved 
(Tanner and Marks 2008). In particular, success-
ful passive transdermal administration can only 
be accomplished with APIS sharing the common 
properties of potent, low molecular weight 
(<500 Da) and lipophilic in nature and required at 
relatively low doses (typically < 10 mg per day) 
(Coulman et  al. 2006; Williams 2003). This is 
due to the excellent barrier properties of the 
uppermost layer of the skin, the stratum corneum 
(SC), an epidermal layer that contains a bilayered 
lipid component and is key in regulating drug 
flux through the tissue (Wiechers 1998; Williams 
2003). In order to exploit the transdermal route 
for systemic delivery of a wider range of drug 
molecules, including peptide/protein molecules 
and genetic material, a means of disrupting the 
barrier properties of the skin must be sought. 
Therefore, approaches have been proposed to 
overcome the SC barrier and to enhance the trans-
dermal transport of macromolecular therapeutics. 
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Conventional transdermal delivery strategies, 
well established for small molecules, are focused 
on optimisation of drug formulation. As far as 
peptide/protein drugs are concerned, the synthe-
sis of more lipophilic analogues, inclusion of 
penetration enhancers and proteolytic enzyme 
inhibitors or encapsulation of macromolecules in 
vesicles falls into the formulation optimisation 
category. However, as this approach does not sig-
nificantly disrupt the skin barrier, its application 
might be limited to only small peptides. Other 
transdermal enhancement technologies rely on 
circumventing the skin barrier by means of appli-
cation of physical energy, such as an electrical 
current or ultrasound, or by physical penetration 
of the SC and, finally, by controlled removal of 
the SC so that permeation of drug molecules 
could be increased (Fig. 18.1).

This chapter will focus on the use of micronee-
dle (MN) arrays as medical devices to disrupt the 
barrier properties of the SC to enable enhanced 
transdermal drug delivery, focusing on the mate-
rials used for device manufacture, the forces 

required for successful MN insertion and the 
potential safety aspects that may be involved with 
the use of MN devices.

18.2	 �Microneedle Arrays

MN technology entails the use of micron-sized 
needles (microprojections) typically between 
100 and 3000 μm in length. They are more com-
monly between 250 and 1500 μm with a variety 
of different shapes attached to the base support 
(Pettis and Harvey 2012). Application of such 
MN arrays to biological membranes can create 
transport pathways of micron dimensions 
(Kaushik et al. 2001). Once created, these micro-
pores, which are predominately aqueous path-
ways, are orders of magnitude larger than 
molecular dimensions and, therefore, should 
readily permit transport of macromolecules as 
well as possibly supramolecular complexes and 
microparticles (Prausnitz 2004). In addition, 
MNs could also be used for the sampling of 

Fig. 18.1  Approaches aiming at facilitation of peptide/protein transport across the skin
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bodily fluids, such as for measuring the blood 
glucose levels in diabetic therapy. ALZA 
Corporation appears to be the first to conceive 
the potential use of a MN array for transdermal 
applications (Gerstel and Place 1976). However, 
it was not until the 1990s, with the advent of 
high-precision microelectronic industrial tools, 
that it became possible to successfully produce 
such microstructure devices. The first report to 
demonstrate MNs for transdermal delivery was 
not published until two decades later (Henry 
et al. 1998).

The major advantage offered by MN technol-
ogy, in comparison to the aforementioned SC dis-
ruption techniques, is its simplicity of use and low 
cost. MNs allow for easy and patient-friendly 
administration of therapeutics to and across the 
skin. Controlled drug deposition within targeted 
skin layers can be achieved by modulating MN 
geometry. In addition, simple alteration of drug 
formulation facilitates optimisation of drug deliv-
ery in order to obtain the best therapeutic effect. 
MNs have been shown to penetrate the skin, across 
the SC and into the viable epidermis, avoiding 
contact with nerve fibres and blood vessels that 
reside primarily in the dermal layer. The basic con-
cept of a polymer MN is imaged below (Fig. 18.2).

Therefore, the use of MNs provides pain-free 
delivery for both small and large-molecular-
weight APIs and prevents bleeding at the applica-
tion site (Bal et al. 2008; Pettis and Harvey 2012). 
Over the last decade, extensive research has been 
carried out concerning microneedle design with 
the use of a wide range of techniques and fabrica-
tion methods (Pettis and Harvey 2012). 
Importantly, enhancement in the delivery of 
drugs and biomolecules of a wide variety of 
physicochemical properties has been demon-
strated in in vitro, ex vivo and in vivo experiments 
using a broad variety of device designs.

Delivery of therapeutics across the skin with 
the aid of MNs can be achieved via four main 
strategies as illustrated in Figs.  18.3 and 18.4. 
The first approach, termed ‘poke with patch’ 
involves application of a solid MN array to create 
micropores. The array is then removed, and the 
drug formulation is administered in the form of a 
transdermal patch, gel or solution (Fig.  18.3a) 
(Martanto et  al. 2004; Donnelly et  al. 2008). 
Movement of molecules through microchannels 
occurs via passive diffusion or if electric field is 
applied via iontophoresis. Another strategy, ‘coat 
and poke’, relies on coating a drug formulation 
onto the microprojections and subsequent 

Polymer needle

Stratum
corneum

Viable
epidermis

Dermis

Fig. 18.2  Concept of a polymer 
MN array that can penetrate 
through the stratum corneum 
(Reproduced with permission 
from Elsevier, Ami et al. (2011))
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insertion of the coated MN array into the skin 
(Fig. 18.3b). Drug deposition occurs through the 
dissolution of the coating after being applied to 
the skin (Gill and Prausnitz 2007a, b). The third 

mode of drug delivery via MNs utilises incorpo-
ration of drug molecules into the structure of 
polymeric, biodegradable MNs and subsequent 
insertion into the skin (Fig.  18.3c) (Lee et  al. 

a

b

c

d

‘Poke with Patch’
Approach

‘Coat and Poke’
Approach

‘Poke and
Release’
Approach

‘Poke and Flow’
Approach

Fig. 18.3  Schematic image of drug delivery using differ-
ent designs of microneedles: (a) Solid microneedles for 
permeabilising skin via formation of micron-sized holes 
across the stratum corneum. The needle patch is with-
drawn followed by application of a drug-containing patch. 
(b) Solid microneedles coated with dry drugs or vaccine 

for rapid dissolution in the skin. (c) Polymeric micronee-
dles with encapsulated drug or vaccine for rapid or con-
trolled release in the skin. (d) Hollow microneedles for 
injection of drug solution (Reproduced with permission 
from Elsevier, Shah et al. (2011))

E. McAlister et al.



277

2008; Park et al. 2006). Drug delivery depends on 
the rate of polymer dissolution or degradation 
within the skin. Lastly, drug molecules can be 
transported across the skin via injection through 
hollow MNs (Fig.  18.3d) (Davis et  al. 2005). 
Delivery of molecules with the aid of hollow 
MNs can be pressure or electrically assisted.

18.2.1	 �Solid MNs

MNs have been fabricated from silicon, metal 
polymers and less traditional materials such as 
carbohydrates (Sivamani et  al. 2007). The first 
solid MNs were fabricated from silicon using 
microfabrication technology (Henry et al. 1998). 
Other research groups also employed microfabri-
cation methods to produce solid MNs of varying 
shapes, heights and densities from silicon 
(McAllister et  al. 2003; Wilke et  al. 2005; Xie 
et al. 2005). The fabrication of MNs from silicon 
via microelectromechanical system (MEMS) 
technique employs an etching process, either wet 
(solution) or dry (vapour phase) to selectively 

remove predefined areas of silicon surface from a 
flat wafer to create small three-dimensional (3D) 
structures (Coulman et  al. 2006). Although the 
manufacture of silicon MNs using microfabrica-
tion methods offers the potential for mass produc-
tion of MNs, it is often expensive and highly 
specialised and includes complex multistep pro-
cesses (Zafar et al. 2004; Ziaie et al. 2004). Apart 
from silicon MNs, metal MNs are used. Although 
they have been found to be equally effective in 
skin penetration, they are less expensive to fabri-
cate and hence more advantageous. Metals, such 
as stainless steel and titanium, have been used as 
structural materials for solid MN fabrication 
(Cormier et  al. 2004; Verbaan et  al. 2008). 
Approaches, such as photochemical etching (tita-
nium) and laser cutting (stainless steel), have been 
investigated for fabricating solid metal MNs. 
Metals, such as stainless steel (e.g. hypodermic 
needles), have been in medical use for decades. 
Essentially, the use of such materials will effec-
tively reduce the regulatory path of approval, 
compared with that required for non-approved 
materials, such as silicon (Mikszta et al. 2006).

Solid MN Coated MN Dissolving MN Hollow MN

Stratum corneum
viable epidermis

Dermis

a

b

Fig. 18.4  A further schematic representation of the meth-
ods of drug delivery into the skin using MNs. MNs are 
first applied to the skin (a) and then used for drug delivery 
(b). Solid MNs are used as a pretreatment, after which 
drug can diffuse through residual holes in the skin from a 
topical formulation (solid MN). After insertion of drug-
coated MNs into the skin, the drug coating dissolves off 

the MNs and into the aqueous environment of the skin 
(coated MNs). Drug-loaded MNs are made of water-
soluble or biodegradable materials encapsulating drug 
that is released into the skin upon MN dissolution (dis-
solving MN). Hollow MNs are used to inject liquid for-
mulations into the skin (hollow MN) (Reproduced with 
permission from Elsevier, Kim et al. (2012))
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A plethora of studies demonstrated the useful-
ness of solid MNs to increase transport of mole-
cules varying in physicochemical properties into 
and across the skin. Donnelly et al. (2009a) dem-
onstrated MN-enhanced cutaneous delivery of a 
model preformed photosensitiser both in vitro and 
in vivo. The meso-tetra (N-methyl-4-pyridyl) por-
phine tetra tosylate (TMP, MW = 1363 Da)-loaded 
patches were applied to MN-treated (6 × 7 silicon 
MN array, 270 μm in height) full-thickness por-
cine skin in in vitro experiments and to nude mice 
in in vivo studies. The results indicated that appre-
ciable amounts of TMP were localised within the 
skin pretreated with MNs after 6-h patch applica-
tion time, both in vitro and in vivo, in comparison 
to the intact skin. The authors concluded that MN 
technology can find application in topical photo-
dynamic therapy of skin tumours.

Successful intradermal vaccination was also 
demonstrated after skin pretreatment with solid 
MNs. Ding et  al. (2009) investigated immune 
responses in mice after MN-mediated transcuta-
neous immunisation using a model antigen, diph-
theria toxoid (DT). Stainless steel MN arrays (4 × 
4, 300  μm in height) were used to pierce the 
mouse skin, and DT formulation with or without 
cholera toxoid as adjuvant was administered. The 
application of DT on untreated skin resulted in 
low serum IgG titres. However, MN pretreatment 
led to significantly higher serum IgG titres, which 
were further increased in the presence of cholera 
toxoid. In a follow-up study, the same research 
group investigated MN-assisted transport of DT 
formulations with N-trimethyl chitosan (TMC) 
as adjuvant into mice skin. The formulations 
tested were TMC nanoparticles loaded with DT, 
liquid mixtures of TMC and DT and DT solution 
alone. It was demonstrated that application of DT 
solution to MN-pretreated skin elicited stronger 
immune response in comparison to the adminis-
tration of DT solution to untreated skin. 
Administration of DT-loaded TMC nanoparticles 
did not result in further enhancement of immune 
response. However, when TMC/DT solutions 
were applied to MN-treated skin, an eightfold 
increase in IgG titres was observed in compari-
son to the application of nanoparticles and DT 
solution alone (Bal et al. 2010).

The utility of solid MNs to enhance cutaneous 
gene delivery has also been studied by Pearton 
et al. (2007), utilising an array of frustum-shaped 
silicon MNs (with 4 × 4 array, 260 μm in height). 
It was confirmed that MN application created 
micropores of approximate depth of 150–200 μm 
and increased the transepidermal water loss 
(TEWL). Using this method, the ability of the 
solid MN arrays to disrupt the skin barrier was 
assessed in a study in 2002. Two hydrogel formu-
lations loaded with plasmid DNA (pDNA): 
1 % w/v Carbopol® 940 and 23 % w/w tri-block 
copolymer PLGA-PEG-PLGA were applied to 
the split-thickness human breast skin prior to MN 
array application. It was demonstrated that func-
tional pDNA was released from both hydrogels 
in the epidermis. No gene expression was 
observed after administration of pDNA hydro-
gels to the intact skin.

Apart from cutaneous delivery, solid MNs 
have been extensively investigated, as a tool to 
improve the transdermal delivery of compounds. 
Super-short silicon MNs (70–80  μm in height) 
with sharp and flat tips (Fig.  18.5) were fabri-
cated, and their ability to enhance the transport of 
a model compound, galanthamine (GAL), across 
full-thickness rat skin was studied (Wei-Ze et al. 
2010). The authors evaluated the effect of differ-
ent parameters, such as MN insertion force (1, 3, 
5, 7 and 8 N/array), tip sharpness (sharp and flat 
tip) and MN density (8 × 8, 10 × 10, 12 × 12) on 
skin permeation of GAL.

It was demonstrated that application of 
forces in the range between 1 and 5  N/array 
resulted in an increased transdermal GAL 
transport. However, a further increase in the 
insertion force beyond this range did not lead to 
any further permeation enhancement. This indi-
cated that insertion force has a significant effect 
on the transport of molecules only when com-
plete MN penetration has not been achieved. 
GAL permeation was increased to a greater 
extent after skin pretreatment with flat-tipped 
MNs in comparison to sharp-tipped MNs. In 
addition, the results revealed that increasing the 
number of MNs per unit area resulted in 
increased flux of GAL. However, there was no 
statistical difference in the cumulative amount 
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of GAL permeated across the skin treated with 
10 × 10 and 12 × 12 MN array.

McAllister et  al. (2003) provided a compre-
hensive report demonstrating the efficacy of solid 
silicon MNs in transdermal delivery of relatively 
small (calcein) as well as macromolecular (insu-
lin, BSA and nanoparticles) compounds in vitro. 
Two different scenarios were investigated. Firstly, 
MN array (400 needles, 150 μm in height) was 
inserted into human cadaver epidermis and left in 
place during application of drug solutions. The 
results showed that skin permeation of calcein, 
insulin and BSA was enhanced by orders of mag-
nitude. In the second set of experiments, MN 
array was used to pierce the skin and was removed, 
after which drug formulations were applied. It 
was found that skin permeability to model com-
pounds was increased by an additional order of 
magnitude in comparison to the first scenario. 
Furthermore, pretreatment of the skin with MNs 
resulted in the transport of detectable amounts of 
nanoparticles across the skin. Martanto et  al. 
(2004), from the same research group, investi-
gated the delivery of insulin to diabetic rats using 
solid stainless steel MNs (105 needles, 1000 μm 
in height). The effect of insulin concentration 
(100 and 500  IU/ml), MN array insertion time 
(10 s, 10 min and 4 h) as well as number of MN 
array insertions (one insertion and five insertions) 
on insulin delivery was studied. It was found that 
higher insulin concentration resulted in greater 
hypoglycaemic effect. Furthermore, increased 
MN insertion time led to the smaller reduction in 

blood glucose levels, which was attributed to the 
blockage of microchannels by MN array left in 
situ. Moreover, single insertion of MN array was 
found to be more effective in reducing blood glu-
cose level than multiple insertions of MNs. The 
authors hypothesised that this phenomenon was 
due to local damage of the skin which changed 
insulin clearance and its absorption by capillary 
bed. In addition to in vitro and in vivo studies con-
ducted in animal models, Prausnitz and collabora-
tors carried out the first clinical study in human 
subjects to demonstrate the MN-based transder-
mal delivery of an opioid blocker, naltrexone 
(NTX). The choice of this compound was due to 
its properties  – passive transdermal delivery of 
NTX is limited by its hydrophilic nature, making 
it a candidate for MN administration (Pettis and 
Harvey 2012). The skin on the upper arm of 
healthy volunteers was pretreated with two solid 
stainless steel MN arrays (5 × 10 MNs, 620 μm 
in height) which was followed by NTX patch 
application and collection of blood samples over 
72  h. Results showed variable absorption of 
NTX (1.6–8.1  ng/ml) achieved within wide 
timeframe (1.5–18 h) of patch application, fol-
lowed by steady-state plasma concentrations of 
~2.5  ng/ml maintained for at least 48  h. 
Application of NTX patches to untreated skin 
did not result in detectable drug plasma concen-
trations (Wermeling et al. 2008). Therefore, this 
study demonstrates the feasibility of using MNs 
to enhance transdermal delivery of hydrophilic 
medication (Pettis and Harvey 2012).

a bFig. 18.5  Super-short 
MNs: (a) a single 
sharp-tipped MN and 
(b) a single flat-tipped 
MN (Reproduced with 
permission from 
Elsevier, Wei-Ze et al. 
(2010))
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18.2.2	 �Coated MNs

Coated MNs constitute another mode of MN 
application, especially attractive for rapid deliv-
ery of active substances into the skin. From this, 
the use of a MN patch, either coated with or 
encapsulated drugs, is arguably the simplest 
method of MN-based drug delivery for patients 
(Kim et  al. 2012). Drug formulation is directly 
coated onto microprojections, and following their 
insertion into the skin, the drug is released by 
subsequent dissolution of the coating (Gill and 
Prausnitz 2007a, b). Coating MN arrays with the 
drug eliminates the need for two-step application 
process, which is advantageous over ‘poke and 
patch’ approach. Also, the desired dose of the 
drug is delivered into the tissue quickly upon 
insertion of the MNs. However, a disadvantage of 
this approach is that the amount of drug that can 
be coated onto MNs is limited by the small sur-
face area of the array, which in turn, limits drug 
delivery. For the coated MNs to be a viable option 
of drug administration in clinical setting, uniform 
and reproducible quantities of drugs must be 
coated onto microprojections. Therefore, optimi-
sation of coating process and formulation charac-
teristics is of paramount importance during 
developmental stage of the device. The micron-
scale dip-coating process was proposed by Gill 
and Prausnitz (2007a, b) and was successfully 
applied to the deposition of variety of molecules 
differing in physicochemical properties on the 
surface of MNs. The two most important param-
eters affecting dip-coating process are surface 
tension and viscosity of the formulation. The 
authors demonstrated that reduction of surface 
tension by addition of surfactants (e.g. Lutrol® 
F-68) and increase in viscosity of the coating 
solution by addition of viscosity enhancers (e.g. 
carboxymethylcellulose sodium salt, sucrose) 
resulted in uniform and thick drug coatings on 
MNs. It was concluded that coating solutions 
with lower surface tension facilitated good wet-
ting and decreased speed of film formation on the 
MN surface. In contrast, higher viscosity (and 
reduced contact angle of the coating solution) 
caused increased volume of liquid film adhering 
to the MNs and increased residence time of the 

film on the MN surface. The versatility of this 
coating technique was demonstrated by coating 
hydrophobic molecule, curcumin, as well as 
model proteins, BSA and insulin, in either 
organic or aqueous-based coating solutions onto 
the surface of MNs. In addition to coating drugs 
on solid shafts of MNs, the investigators pro-
posed a novel approach where drug could be 
deposited within holes created in the centre of the 
MNs (Fig. 18.4) (Gill and Prausnitz 2007b; Kim 
et  al. 2012). In the most complex design, these 
holes, called ‘pockets’, could be selectively filled 
with one drug formulation, and, additionally, 
another protective layer could be coated onto the 
surface of the MN shaft, followed by the deposi-
tion of another drug layer. The authors demon-
strated filling the pockets with small molecules 
such as sulforhodamine and coating fluorescein 
onto the surface of MNs. The two drugs were 
separated by the thin protective layer composed 
of biodegradable polymer poly(lactic-co-glycolic 
acid) (PLGA) (Fig. 18.6).

Chen et  al. (2009) proposed a novel coating 
technique utilising gas jet to distribute coating 
solution evenly onto the surface of the individual 
MN shafts. The microprojection patch was com-
posed of densely packed (~ 20,000  cm2) solid 
silicon MNs of a height of 30, 60 or 90 μm. Due 
to inability to coat such small projections in a 
conventional dip-coating process, the authors 
developed a new gas jet-drying method. The 
coating solution (6–8 μl) was applied to the patch, 
and gas jet (6–8 m/s) at an incident angle of 20° 
was used to distribute and quickly dry the formu-
lation on the whole patch. The proposed method 
allowed for uniform coating of variety of com-
pounds (OVA, rhodamine-labelled dextran, 
ethidium bromide) on short and densely packed 
microprojections.

To enable more controlled and efficient deliv-
ery, coated MNs have been the most extensively 
studied technique for vaccination with MNs 
(Kim et  al. 2012). The presence of immune-
presenting cells makes the skin an attractive site 
for antigen presentation. Antigens can be intro-
duced into the skin via coated MNs to target 
Langerhans cells in the epidermis or dendritic 
cells in the dermis in order to induce more 
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pronounced immune response (Gill and Prausnitz 
2007a). The limited amount of drug that can be 
coated onto MNs does not hinder their applica-
tion for vaccine delivery as only minute quanti-
ties of antigen are necessary to elicit immune 
response (Banga 2009). In addition, storing vac-
cines in a dry state coated onto the MNs may pre-

serve their stability to a greater extent, even at 
room temperature, than storage dissolved in a 
liquid form in a conventional needle-and-syringe 
injection product (Gill and Prausnitz 2007a).

Several research groups focused their efforts 
on investigations of delivery of vaccines using 
coated MNs. Investigators at the Georgia Institute 

a c e g

b d f h

Fig. 18.6  Coated microneedles of metal and polymer 
before (a, c, e, g) and after (b, d, f, g) coating using dip-
coating methods. The coating should dissolve in the skin’s 

interstitial fluid upon insertion to release its drug/vaccine 
payload (Reproduced with permission from Elsevier, Gill 
and Prausnitz (2007b) and Kim et al. (2012))
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of Technology and Emory University, Atlanta, 
assessed the efficiency of solid metal MNs 
(500 μm) coated with inactivated influenza virus 
(IIV) to deliver the antigen to the skin. The results 
showed that as much as 10 μg of viral proteins 
could be coated onto an array of five needles and 
83 % and 90 % of the antigen were deposited in 
the mouse skin after insertion of MNs for 2 min 
and 5  min, respectively. This indicated that the 
vaccine could be effectively coated onto MNs 
and rapidly delivered to the skin within minutes. 
The delivery of IIV via MNs induced antibody 
responses that did not differ statistically from 
those elicited by intramuscular injection. In 
addition, vaccination by a single dose of IIV 
coated onto MNs protected mice against lethal 
challenge by a high dose of mouse-adapted influ-
enza virus A/PR/8/34 (Zhu et al. 2009). In another 
study, Gill and Prausnitz in collaboration with 
colleagues at the Karolinska Institutet, 
Stockholm, evaluated cutaneous DNA vaccine 
delivery using coated MNs in mice. MN array 
composed of five needles of 700 μm height was 
coated with plasmid encoding hepatitis C virus 
NS3/4A. It was found that each array was coated 
with 1.6 μg of DNA. Mice were immunised with 
8  μg of DNA using MNs (five arrays) and for 
comparison with 4 μg of DNA using gene gun. 
The results revealed that MN-mediated delivery 
of the antigen induced the generation of cytotoxic 
T-lymphocytes which was comparable with that 

observed after antigen delivery using gene gun 
(Gill et al. 2010).

Researchers at Zosano Pharma (formerly 
ALZA Corporation) evaluated the performance 
of Macroflux® microprojection array for intracu-
taneous delivery of model antigen, ovalbumin 
(OVA), in hairless guinea pigs. The Macroflux® 
skin patch (Fig. 18.7) having an area of 1 or 2 cm2 
and comprised of titanium 330  μm high MNs 
(density 190 MNs/cm2) was coated by immersion 
in a 1, 5 and 20 % solution of OVA. The results 
showed that by increasing concentration of OVA 
solution, the amount coated onto microprojec-
tions was increased. In addition, skin deposition 
experiments revealed that the quantity of OVA 
delivered into the skin increased linearly with 
time of application. Hairless guinea pig immuni-
sation studies revealed that at all antigen doses, 
administration of OVA-coated Macroflux® 
resulted in immune response comparable to that 
observed after intradermal administration of the 
same doses of antigen. However, application of 
1 μg and 5 μg of OVA via Macroflux® induced 10 
and 50 fold increase in anti-OVA titres in com-
parison to those produced by intramuscular or 
subcutaneous injections of equivalent doses 
(Matriano et al. 2002).

In the follow-up study, researchers further 
assessed the efficacy of Macroflux® system. 
The influence of dose of antigen delivered, 
depth of antigen delivery and density of MNs 

a b

Fig. 18.7  Illustration of (a) Macroflux® patch compris-
ing the coated MN array affixed to an adhesive backing 
and (b) the patch loaded on the disposable retainer ring 

and the reusable applicator. Reproduced with permission 
from Elsevier, Cormier et al. (2004))
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on the elicited  immune response were investi-
gated. The number of coatings and concentra-
tion of OVA in the coating formulation were 
used to control the amount of OVA loaded onto 
the MNs. It was found that antibody response 
was dose dependent. Different depth of OVA 
delivery was achieved by using MNs varying in 
height, namely, 225, 400 and 600 μm. The results 
revealed that MN’s height did not have signifi-
cant effect on immune response. Similarly, after 
immunisation with 2 cm2 MN arrays of different 
density (140/cm2 and 657/cm2), comparable anti-
body titres were observed (Widera et al. 2006). 
Apart from vaccine delivery, the capability of 
Macroflux® technology to deliver desmopressin 
across the skin was assessed in hairless guinea 
pig model. It was demonstrated that a dose of 
20  μg of desmopressin was delivered from a 
2 cm2 MN array (321 MNs/cm2, height 200 μm) 
within 15 min to hairless guinea pigs, and bio-
availability was as high as 85 % (Cormier et al. 
2004). Furthermore, Sathyan et  al. (2004) 
assessed safety and pharmacokinetic/pharmaco-
dynamic (PK/PD) profiles of desmopressin 
administered via Macroflux® patch to human vol-
unteers (18–45 years). Application of MN patch 
coated with 25 μg of desmopressin for 15  min 
resulted in a rapid absorption of the drug with a 
Cmax of 268  pg/ml obtained by 25  min. The 
absorbed drug was found to be pharmacologi-
cally active as evidenced by the increase in factor 
VIII levels. The PK/PD characteristics of the 
delivery of parathyroid hormone 1–34 (PTH(1–
34)) coated onto Macroflux® microprojections 
array have been recently evaluated in human vol-
unteers (40–85 years) by Dadonna et al. (2011). 
In phase I clinical studies, MN patches coated 
with 30 μg PTH(1–34) were applied to different 
sites (the abdomen, upper forearm or thigh) for 
30 min in healthy human subjects, and PK evalu-
ation was performed. For comparison the mar-
keted PTH(1–34) product, FORTEO®, was 
administered by subcutaneous injections. Phase 
II studies were conducted in postmenopausal 
women with osteoporosis to determine the patch 
dose response (20 μg, 30 μg and 40 μg) compared 
to placebo patch and FORTEO® injection. In 
phase I studies, it was demonstrated that 

application of MN patches, irrespective of the 
site, resulted in rapid PTH(1–34) plasma occur-
rence with Tmax 3 times shorter than that observed 
after administration of FORTEO® (0.14  h and 
0.4  h, respectively). In phase II studies, it was 
shown that MN patch-mediated delivery of 
PTH(1–34) was dose dependent as a proportional 
increase in plasma PTH(1–34) AUC was observed 
with an increase of dose administered.

Chen et al. (2009) investigated the feasibility 
of transdermal delivery of OVA coated onto very 
small and densely packed microprojection array 
(less than 100 μm in height with density ~20,000 
MN/cm2). The results showed that the antibody 
response after immunisation of mice with OVA-
coated MN patch was comparable to that 
observed after immunisation with intramuscular 
injection.

Apart from solid metal MNs, polymeric MNs 
were coated with model antigen, and their efficacy 
in inducing immune response was studied. Han 
et al. (2009), in order to increase loading capacity 
of the MNs, fabricated groove-embedded MNs 
from biocompatible polymer poly-L-lactic acid 
(PLA). To test the effect of MN type on immuni-
sation, three types of MN arrays (types A, B and 
C  – Fig.  18.6), all comprised of 15 needles of 
880 μm height, were coated by dipping in 100 μg/
ml OVA formulation and applied for 10 min to the 
mice skin (Han et al. 2009) (Fig. 18.8).

The results showed that the degree of immune 
response was higher after application of type C 
MNs, followed by type B and type A. This result 
suggests that groove-embedded MNs (types B 
and C) allowed for higher drug loadings in com-
parison to the smooth ones (type A).

18.2.3	 �Polymeric MNs

In contrast to coated MNs, a concept of poly-
meric MNs encapsulating pharmaceuticals within 
their matrix was introduced. Upon contact with 
the skin’s interstitial fluid, polymeric MNs either 
dissolve or degrade releasing drug cargo for local 
or systemic delivery. A plethora of advantages is 
associated with the use of polymeric MNs. 
Firstly, in contrast to silicon which is a material 
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with dubious biocompatibility, a wide range of 
polymers are biocompatible and have long-
standing safety records when used in drug deliv-
ery systems and medical devices (Park et  al. 
2005). The use of water-soluble and biodegrad-
able polymers as well as sugars eliminates the 
risk of leaving biohazardous sharp waste in the 
skin as well as guarantees safe MN disposal by 
mechanical destruction or dissolution in a solvent 
(Park et al. 2005; Prausnitz and Langer 2008). In 
addition, low cost of polymeric materials and 
their easy fabrication in micro-moulding pro-
cesses allow for their mass production. Thus, 
through its unique properties, importantly the 
biocompatibility and biodegradability, which 
have been a major concern in various drug deliv-
ery systems, polymeric MNs are gaining huge 
importance (Donnelly et  al. 2012). However, a 
disadvantage of polymeric MNs is that drug load-
ing can compromise their mechanical strength 
and fabrication process, and this may influence 
the stability of incorporated molecules.

To accurately produce MNs out of polymeric 
materials, a variety of mould-based techniques, 
such as casting (Perennes et al. 2006) (with water 
as the usual solvent) (Kim et  al. 2012), hot 
embossing (Han et al. 2009), injection moulding 
(Sammoura et al. 2007) and investment moulding 
(Lippmann et al. 2007), have been investigated. 
Various polymeric materials which have been 

efficiently fabricated into MNs include poly 
(vinyl pyrrolidone) (PVP), poly-L-lactic acid 
(PLA), poly-glycolic acid (PGA) and poly-lactic-
co-glycolic acid (PLGA), polycarbonate (PC), 
carboxymethyl cellulose (CMC) polyvinyl alco-
hol (PVA) (Lee et  al. 2008; Park et  al. 2005; 
Perennes et al. 2006; Sullivan et al. 2008; Aoyagi 
et al. 2007; Han et al. 2007; Chu et al. 2010) and 
poly(methyl vinyl ether-co-maleic acid) 
(Donnelly et  al. 2011). Sugars have also been 
used to fabricate MNs such as galactose, maltose 
and dextrin (Donnelly et  al. 2009b; Kolli and 
Banga 2008; Miyano et al. 2005). Additional use 
of vacuum and/or centrifugal force is sometimes 
required during the filling of the material into the 
mould cavities and drying state (Kim et al. 2012). 
Examples of polymeric MNs are presented in 
Fig. 18.9.

Miyano et al. (2005) reported for the first time 
the production of MNs from natural sugars. 
Drug-loaded MNs were prepared by heating 
powdered maltose to 140 °C for 1 h until maltose 
candy was formed, which was subsequently fol-
lowed by addition of the drug and uniform mix-
ing. After cooling, the small quantities of this 
drug-containing maltose candy were cast into 
MN moulds at 95 °C to form MN arrays. Arrays 
of 500  μm high MNs containing ascorbate-2-
glucoside (5 % w/w), sodium salicylate (10 % 
w/w) and calcein (10 % w/w) were fabricated by 

type type type

200 mm 200 mm 200 mm

a b c

Fig. 18.8  SEM images of three different types of the PLA microneedles (Reproduced with permission from Elsevier, 
Han et al. (2009))
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this method. It was denoted that MNs dissolved 
within a few hours at humidity of more than 50 % 
but retained their shapes for at least 3 months at 
40 % humidity. The insertion of 500  μm high 
MNs into the forearm of human volunteers was 
found to be painless, and needles were reported 
to dissolve within 5 min (Miyano et al. 2005). In 
the follow-up study, the authors addressed the 
difficulties in fabrication of maltose MNs, such 
as low throughput due to high viscosity of malt-
ose candy, and proposed polyethylene glycol 
(PEG, Mw = 6000 Da) as an alternative material 
for MN fabrication. MNs fabricated from PEG 
were successfully inserted into human cultured 
skin without breakage which indicated their suf-
ficient mechanical strength to form microchan-
nels in the skin (Miyano et al. 2007).

Banga’s research group investigated the abil-
ity of maltose MNs to improve transdermal drug 
transport (Kolli and Banga 2008; Li et al. 2009, 
2010). However, the researchers strangely used 
these MNs as means of skin pretreatment rather 

than as actual drug-containing devices. Solid 
maltose MNs (500 μm in height) were fabricated 
in a micro-moulding process, and MN-mediated 
delivery of nicardipine hydrochloride (NH) 
across rat skin was investigated both in vitro and 
in vivo. The results showed that pretreatment of 
full-thickness rat skin with MNs led to a fourfold 
increase in NH permeation in comparison to pas-
sive diffusion. Throughout this research, it was 
also demonstrated that MNs improved NH trans-
port across rat skin in vivo. The peak plasma NH 
level (Cmax) of 56.45 ng/ml was observed after 7 h 
in MN-treated rats, whereas in untreated group, 
detectable NH levels were seen only after 8  h, 
and Cmax of approximately 16 ng/ml was observed 
after 24 h [50]. Likewise, Li et al. (2009) investi-
gated the efficacy of maltose MNs in enhancing 
transport of model protein, human immunoglob-
ulin G (IgG) (Mw ~ 150  kDa), across full-
thickness hairless rat skin in vitro. The influence 
of parameters, such as MN length (200 and 
500 μm), number of MNs (27 and 54 needles) 

a b c d

e f g h

Fig. 18.9  Examples of dissolving MNs made from water-soluble polymers and biodegradable polymers (a–h) 
(Reproduced with permission from Elsevier, Kim et al. (2012))
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and drug concentration (5, 20 and 40 mg/ml), on 
IgG delivery across the skin was evaluated. It was 
found that IgG flux was increased approximately 
tenfold and fourfold with increase in number and 
length of MNs, respectively. Furthermore, an 
increase in IgG concentration up to 20  mg/ml 
also resulted in increased flux, after which (for 
40  mg/ml) no significant change in flux was 
noted. This was attributed to the saturation of the 
boundary layer relative to the donor solution. In 
addition to IgG delivery, the authors demon-
strated further successful transport of monoclo-
nal antibody across MN-treated hairless rat skin 
in  vitro (Li et  al. 2009). In a follow-up study, 
investigators assessed MN-mediated delivery of 
IgG in vivo. For comparison purposes, apart from 
maltose MNs (500 μm in height) commercially 
available DermaRollerTM (700 μm in height) was 
used to pretreat the skin. The results revealed that 
IgG peak plasma levels were observed after 24 h 
and were of 7.27 ng/ml and 9.33 ng/ml in maltose 
MNs and DermaRollerTM-treated groups. The 
greater IgG permeation enhancement observed 
after DermaRollerTM skin pretreatment was 
attributed to the creation of bigger microchannels 
with an average diameter of 83 μm in comparison 
to 58 μm formed by maltose MNs (Li et al. 2010).

Apart from maltose, the applicability of 
another carbohydrate material, galactose, for MN 
fabrication was investigated by Donnelly et  al. 
(2009b). The authors described a number of dif-
ficulties associated with the processing and stor-
age of galactose MN arrays. Drug-loaded 
galactose MNs (280 μm in height) were prepared 
in micro-moulding process by melting galactose 
powder at 160  °C and subsequent addition of 
model drugs: 5-aminolevulinic acid (ALA) and 
bovine serum albumin (BSA). It was highlighted 
that high viscosity of molten galactose and its 
tendency to solidify prevented preparation of 
more than two MN arrays at a time, which 
excluded the possibility of an easy scale-up for 
mass production. Moreover, MN fabrication 
resulted in substantial losses of incorporated 
ALA and BSA (40 % and 100 %, respectively). In 
addition, storage of MN arrays at ambient condi-
tions led to their deformation within 1 h and com-
plete loss of MN shape in 6 h.

The fabrication of polymeric MNs from bio-
degradable polymers such as PLA, PGA and 
PLGA and their efficacy in improving delivery of 
model compounds across the skin were described 
by Park et al. (2005). However, in this study poly-
meric MNs were used to pretreat the skin and did 
not encapsulate drug molecules within their 
matrix. MNs varying in geometry (bevelled tip, 
chisel tip, tapered cone) were fabricated from hot 
polymer melts using a micro-moulding tech-
nique. It was reported that pretreatment of human 
cadaver epidermis with 20 MNs led to an increase 
in skin permeability to calcein and BSA by two 
orders of magnitude, whereas when 100 MNs 
were used, the permeability was increased by 
almost three orders of magnitude. Following this, 
the authors evaluated the ability of drug-loaded 
PLGA MNs to enhance transdermal delivery of 
model compounds, calcein and BSA, in vitro. To 
allow for controlled release of compounds, drug 
molecules were either directly embedded within 
the PLGA MN matrix (for rapid release) or first 
encapsulated within CMC or poly-L-lactide mic-
roparticles, and then the drug-loaded microparti-
cles were incorporated into MN matrix (for 
controlled/delayed release). It was reported from 
this that calcein encapsulated within PLGA 
matrix was released within 4  h, and calcein 
encapsulated within CMC microparticles and 
then within PLGA matrix was released within 4 
days, whereas calcein encapsulated within poly-
L-lactide microparticles and subsequently within 
PLGA matrix was released over the period of 2 
months. This study highlighted the feasibility of 
controlled drug release ranging from hours to 
months using polymeric MNs (Park et al. 2005).

In all of the aforementioned studies, MN fab-
rication relied on the use of high temperatures to 
melt either polymer or sugar matrix. Such strat-
egy can preclude successful encapsulation of 
fragile molecules such as peptides and proteins in 
MNs as already demonstrated by Donnelly et al. 
(2009b). Alternative MN fabrication methods 
that do not involve exposure of molecules to ele-
vated temperatures were proposed. In particular, 
Sullivan et  al. (2008) described fabrication of 
rapidly dissolving MNs in the room-temperature 
photopolymerisation (UV lamp at 100  W at 
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wavelength of 300 nm) of liquid monomer, vinyl 
pyrrolidone. The PVP MNs obtained by this pro-
cess were shown to dissolve within 1 min after 
insertion into porcine skin in  vitro. To alter the 
dissolution rate, methacrylic acid (MAA) was 
copolymerised, which produced stronger MNs 
with slower dissolution rates. In addition, it was 
reported that red fluorescent BSA-loaded PVP 
MNs delivered the drug into the skin as con-
firmed by fluorescence microscopy. Furthermore, 
it was demonstrated that incorporation of 
β-galactosidase into MN matrix did not affect its 
enzymatic activity. Lee et  al. (2008) proposed 
fabrication of MNs from aqueous blends of CMC 
and amylopectin (AP) in a micro-moulding pro-
cess. Aqueous solutions of CMC were first con-
centrated by heating at 60–70  °C or under 
vacuum, whereas AP solutions were concentrated 
by heating 60–70  °C only. Concentrated solu-
tions of both materials were then cast into micro-
moulds to form MNs and were dried during 
centrifugation at 37  °C.  The authors designed 
MNs which enabled either bolus or sustained 
release of model compound, sulforhodamine 
B. For rapid release drug was selectively encap-
sulated within MNs, whereas for sustained 
release, it was incorporated either into both the 
MNs and the backing layer or into the backing 
layer only. This study therefore presented a 
design that encapsulated molecules within MNs 
that dissolve within the skin for bolus or sus-
tained delivery and leave behind no biohazardous 
sharp waste. This is being increasingly recog-
nised as important (Shakeel et  al. 2011). Lee 
et  al. (2008) also showed that lysozyme loaded 
into CMC MN matrix retained its structural and 
functional activity after 2 months storage at room 
temperature. This indicated that direct incorpora-
tion of peptide and protein molecules into a dis-
solving MN system is possible with appropriate 
selection of the MN fabrication process as well as 
suitable choice of the polymeric formulation 
used for MN production.

Chu et  al. (2010), from the same research 
group, fabricated dissolvable MNs from 20, 30 
and 50 % w/w polymer blends containing PVA 
and PVP in a ratio 3:1. In order to better control 
localisation of model drug within MNs and to 

increase drug loading without excessive wastage, 
the authors proposed two novel MN designs, 
bubble and pedestal MNs. This proposition was 
investigated because it is sometimes desirable to 
encapsulate drugs only in the MN tips because 
MNs may not insert fully into the skin (Kim et al. 
2012). It was demonstrated that by increasing 
viscosity of polymer solution or by introducing 
air bubbles at the base of the MN, the model 
drug, sulforhodamine B, could be localised to the 
MN tips (Fig. 18.10). Localising the sulforhoda-
mine B to the MN tips was shown to result in 
increased skin delivery efficiency compared to 
evenly distributing the dye throughout the entire 
device.

The authors showed that the newly designed 
pedestal MNs (having elongated base portion of 
the MN) allowed for better skin insertion and a 
threefold increase in drug-loading capacity.

A vast number of reports regarding employ-
ment of aqueous blends of different types of 
polymers for fabrication of MNs and delivery of 
a range of therapeutics across the skin has been 
produced. Figure  18.11 shows MNs prepared 
from aqueous blends of poly(methylvinyl ether-
co-maleic acid) dissolving in excised neonatal 
porcine skin over time using optical coherence 
tomography for visualisation.

The Ito group initially prepared self-dissolving 
micropiles (SDMPs) of the approximate height 
of 3  mm and base diameter of 0.5  mm from 
thread-forming polymers, such as dextrin, chon-
droitin sulphate and dextran, and their feasibility 
for percutaneous delivery of different proteins 
was evaluated in  vivo. SDMP fabrication tech-
nique involved dipping polyethylene tips into the 
drug-containing polymer mixture and their sub-
sequent withdrawal from the solution during 
which thread-like needles were formed. 
Administration of five insulin-loaded SDMPs 
prepared from dextrin to mice resulted in a reduc-
tion in plasma glucose levels (Ito et al. 2006a). In 
addition, a hypoglycaemic effect was observed in 
dogs and mice after application of SDMPs pre-
pared from chondroitin sulphate and loaded with 
insulin (Ito et al. 2007, 2008a). Similarly, SDMPs 
prepared from dextrin, chondroitin sulphate and 
albumin successfully delivered erythropoietin 
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(EPO) across the mice skin in vivo. After admin-
istration of four EPO-loaded SDMPs fabricated 
from dextrin to mice, peak serum EPO levels of 
approximately 138 mIU/ml were achieved at 
7.5  h. When chondroitin sulphate and albumin 
SDMPs containing EPO were applied, peak 
plasma levels of 96 mIU/ml and 132 mIU/ml 
were obtained after 8  h and 6.8  h, respectively 
(Ito et al. 2006b). Furthermore, interferon alpha 
was percutaneously absorbed after administra-
tion of drug-loaded SDMPs prepared from chon-
droitin sulphate and dextran to rats (Ito et  al. 
2008b). In addition, human growth hormone 
(hGH) was delivered across rat skin in vivo from 
dextran SDMPs (Ito et al. 2008c). Application of 
hGH-loaded SDMPs (200 μg/kg dose) to the skin 
of rats resulted in peak hGH plasma levels of 
approximately 133  ng/ml achieved after about 
1 h. The absolute bioavailability of hGH admin-
istered via SDMPs was found to be 87.5 %. 
Despite promising results of transdermal peptide/
protein delivery using SDMPs, the major limita-
tions of this delivery system have been recog-
nised as the large size of the needles, individual 

production of each needle and lack of any sup-
porting baseplate, which makes the application 
process cumbersome. Recently, the same research 
group addressed these disadvantages and 
designed a self-dissolving micropile array 
(SDMA) comprised of 100 microneedles organ-
ised into ten lines and ten columns on a 1  cm2 
area. Each needle was approximately 500  μm 
long and 300 μm wide at the base. The efficacy of 
chondroitin sulphate SDMA patch loaded with 
EPO was assessed in rats and dogs in vivo. Two 
different SDMA patches, partially loaded SDMA 
(pSDMA) containing 25  IU of EPO and fully 
loaded SDMA (fSDMA) containing 129.5 IU of 
EPO, were fabricated in micro-moulding pro-
cess. Administration of pSDMA and fSDMA to 
rats resulted in a gradual increase in serum EPO 
concentrations, and peak levels of approximately 
31 mIU and 32 mIU were achieved at 8 h and 6 h, 
respectively. In addition, percutaneous adminis-
tration of one and two EPO-loaded pSDMAs 
(22.4  IU) to dogs resulted in peak serum EPO 
concentrations of approximately 10 mIU and 20 
mIU after 1  h, respectively (Ito et  al. 2010). 

a b c
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Fig. 18.10  Solid MNs encapsulating model drug sul-
forhodamine B prepared from (a) 30 % w/w (b) 40 % w/w 
(c) 50 % PVA/PVP blends and bubble MNs prepared from 

(d) 30 % w/w (e) 40 % w/w (f) 50 % PVA/PVP blends. The 
arrows indicate air bubble at the base of MN (Reproduced 
with permission from Elsevier, Kim et al. (2012))
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Similarly, the ability of SDMA to improve percu-
taneous transport of recombinant human growth 
hormone (rhGH) and desmopressin (DDAVP) 
was evaluated in rats in vivo. Recombinant human 
growth hormone was incorporated into dextran 
(content  – 28.4  μg) and chondroitin sulphate 
(content  – 33.6  μg) SDMA patches, whereas 
SDMA containing DDAVP (5.2 μg) was prepared 
from chondroitin sulphate. It was reported that 
peak plasma rhGH concentrations were of 
approximately 58  ng/ml and 73.1  ng/ml after 
administration of dextran and chondroitin sul-
phate SDMAs, respectively. The total time to 
achieve peak rhGH plasma levels was observed 
to be 15 min in both cases. Furthermore, it was 

shown that percutaneous application of one and 
two DDAVP-loaded SDMAs fabricated from 
chondroitin sulphate resulted in peak plasma lev-
els of approximately 16  ng/ml and 27  ng/ml, 
respectively. The peak DDAVP plasma levels 
were obtained after 27 and 25 min, respectively 
(Fukushima et al. 2011).

Researchers at TheraJect, Inc. developed 
MN-based transdermal delivery device, 
TheraJectMATTM, and evaluated its performance 
in improving transdermal delivery of pharmaceu-
ticals. This system is comprised of an array of 
dissolvable MNs fabricated from generally 
regarded as safe (GRAS) material, sodium car-
boxymethyl cellulose (SCMC). Kwon (2004) 
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Fig. 18.11  Representative OCT images of methylene blue-
loaded MN dissolving following application to rat skin 
in vivo. (a) time =0 min, (b) time =3 min, (c) time =5 min, 

(d) time =7 min, (e) time =10 min, (F) time =15 min. Scale 
bar represents a length of 300 μm (Reproduced with permis-
sion from Elsevier, Garland et al. (2012))
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incorporated lidocaine HCl into SCMC matrix 
which was subsequently cast into micromoulds 
to form MNs (550–650  μm in height). It was 
demonstrated that application of lidocaine-loaded 
MNs resulted in approximately threefold increase 
in its flux across human cadaver epidermis com-
pared to the flux of lidocaine solution.

A recent study published within Nature 
Medicine Sullivan et al. (2010) on the use of dis-
solving polymeric MN patches for influenza vac-
cination received worldwide media attention, 
which is a highlight of the level of interest that 
MN technology is currently receiving. The 
premise here is that the MNs rapidly dissolve in 
the skin’s interstitial fluid in the viable epidermis 
and/or dermis releasing their payload. This 
approach holds great promise, since the MN 
would be unusable after removal from a patient’s 
skin, meaning insertion into the skin or another 
person would not be possible. Therefore, this 
should greatly reduce any risk of infection trans-
mission. The authors fabricated MN arrays using 
a room-temperature photopolymerised PVP, 
encapsulating inactivated influenza virus for a 
vaccination strategy in a mouse model in vivo. It 
was shown that a single vaccine dose with dis-
solving MNs induces protective immune 
responses superior to those obtained with intra-
muscular injection at the same dose, including 
increased lung viral clearance. Furthermore, MN 
vaccination generated a robust antibody and cel-
lular immune response in mice that provided 
complete protection against lethal challenge. The 
authors suggest that these results highlight the 
benefits of polymeric MN patches as a new tech-
nology for simpler and safer vaccination with 
improved immunogenicity that could facilitate 
increased vaccination coverage.

18.2.4	 �Hollow MNs

Hollow MNs enable continuous delivery of mol-
ecules across the skin through the MN bore either 
by diffusion or pressure- or electrically driven 
flow. In comparison to solid or coated MNs which 
are capable of delivering small quantities of phar-
maceuticals (Roxhed et  al. 2008a), injection of 

drugs through hollow MNs is arguably the most 
powerful method of MN-based drug delivery as it 
enables the greatest control over the amount and 
timing (Kim et  al. 2012). In addition, pressure-
assisted injection via hollow MNs offers poten-
tial to modulate drug delivery by altering the 
infusion rate. This means a wide variety of deliv-
ery profiles can be achieved (Kim et al. 2012). It 
was reported that increase in the flow rate is pro-
portional to inner diameter of the MN and 
inversely related to MN length (Bodhale et  al. 
2010). Martanto et al. (2006a) provided an exten-
sive analysis of factors influencing flow rate of 
sulforhodamine B solution through a single hol-
low glass MN which was attached to a 250 μl or 
1  ml glass syringe. Results showed that partial 
needle retraction as well as the increase in pres-
sure caused a significant increase in flow rate. 
This result also proved that the infusion flow was 
greater in the presence of hydroluronidase as well 
as a bevelled-tip MN when comparing this to a 
blunt-tip MN. Therefore, this study clearly dem-
onstrated that by varying infusion parameters, 
different flow rates can be achieved, and in turn, 
drug delivery could be controlled. Figure 18.12 
illustrates a bevelled-tip MN.

The successful use of hollow MNs can be hin-
dered by potential clogging of the needle bore 
opening with the tissue during MN skin insertion 
(Gardeniers et  al. 2003). However, through 
design by locating the opening at the side of the 
tip of the MN, this issue of clogging has been 
disabled (Stoeber and Liepmann 2000; Griss and 
Stemme 2003). Keeping the whole outlet off-
centre not only prevents needle clogging but also 
increases the area of drug exposure to the tissue 
and retains tip sharpness. Another limitation 
associated with the hollow MNs is flow resis-
tance due to dense dermal tissue compressed 
around MN tip during insertion (Martanto et al. 
2006b). Research determines that partial needle 
retraction following insertion improved fluid 
infusion due to relaxation of the compressed tis-
sue and an increase in flow conductivity of the 
skin beneath MN tip. Moreover, skin deforma-
tion during needle insertion could be minimised 
by application of MN via drilling or vibrating 
motion (Wang et al. 2006).
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Hollow MNs have been fabricated in a wide 
range of heights and geometries (Fig.  18.13) 
mainly out of silicon and metal using MEMS 
techniques including lithographic processes, wet 
etching and micromachining (Stoeber and 
Liepmann 2000; Chandrasekaran et al. 2003a, b; 
Griss and Stemme 2003; Roxhed et al. 2008b). In 
addition, hollow glass (Wang et al. 2006), poly-
meric (Sammoura et al. 2007) and ceramic MNs 
(Ovsianikov et al. 2007) have all been manufac-
tured in a variety of designs.

To date, most of the studies regarding hollow 
MNs have been focused on fabrication aspects, 
whereas less attention has been given to their 
actual efficacy in delivering compounds across 
the skin. Insulin was the most extensively utilised 
molecule in that respect. Davis et  al. (2005) 
reported successful transdermal insulin delivery 

via hollow MNs to diabetic rats. The authors 
inserted a MN array comprised of 16 metal nee-
dles (4 × 4) with a height of 500 μm into rat skin. 
A glass chamber filled with insulin solution was 
adhered to the base of an array to serve as a drug 
reservoir. It was reported that the passive 
diffusion-driven insulin delivery resulted in the 
reduction of blood glucose levels over 4  h by 
53 % and remained constant during 4 h postdeliv-
ery period. Wang et  al. (2006) investigated the 
efficacy of hollow glass MN in enhancing the 
transport of insulin both in  vitro and in  vivo. 
FITC insulin was successfully microinjected into 
hairless rat skin in vitro as confirmed by bright-
field and fluorescence microscopy. In this experi-
ment, microinjection of insulin through the MN 
inserted to a depth of 500–800 μm and infused 
for 30 min elicited a drop in blood glucose levels 
by 25 % below the pretreatment values when 
approximately 5 μl of insulin solution was micro-
injected into diabetic rat skin. When the MNs 
were retracted back by ~ 200 μm, larger volume 
of insulin solution was delivered (~ 30 μl), and 
blood glucose levels were reduced by 70 % below 
pretreatment values. The authors also demon-
strated efficient microinjection of Caco-2 human 
intestinal epithelial cells through MNs into hair-
less rat skin in  vivo. In addition, hollow MNs 
facilitated delivery of microparticles into the skin 
of hairless rats in  vivo. Nordquist et  al. (2007) 
developed an integrated patch-like MN system 
where MNs were attached to a drug dispenser. Its 
performance was evaluated in  vivo in diabetic 
rats. The patch was composed of an array of 21 
hollow silicon MNs and an electronically con-
trolled drug dispenser where the drug was stored. 
This was then ejected through the hollow MNs 
when thermally expandable silicon material 
expanded into the liquid reservoir following sup-
ply of the voltage to the heater. After administer-
ing insulin via the patch for a total of 3  h to 
diabetic rats, this resulted in a decrease of blood 
glucose levels at the end of 4 h monitoring period. 
Passive insulin infusion (0 μl/h rate) and active 
infusion at a rate of 2 μl/h and 4 μl/h resulted in 
the decrease in blood glucose levels from the ini-
tial value of 19 ± 1 mM to 14 ± 1 mM, 11 ± 2 mM 
and 9 ± 1 mM, respectively. Further to this work, 
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Fig. 18.12  Scanning electron microscope (SEM) images 
of a portion of a 120 needle array of PLGA microneedles 
viewed from two different angles. The needle shaft is of 
approximately constant diameter (100 μm) and then tapers 
to a symmetrically bevelled tip with a diameter of 10 μm. 
Needle length is 600 μm (a, b) (Reproduced with permis-
sion from Elsevier, Park et al. (2005))
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the same group proposed a novel concept of seal-
ing the hollow needles in order to protect the drug 
stored in the reservoir from degradation, evapora-
tion or leakage. Drug release from sealed MNs 
could be realised by opening of the seal through 
different mechanisms, such as burst opening, 
electrochemical opening and opening upon inser-
tion into the skin. For example, 170 μm gold seal 
was demonstrated to rupture upon insertion into 
the skin tissue (Roxhed et al. 2008b).

The efficacy of hollow MNs has also been 
investigated in human subjects. Gupta et  al. 
(2009) conducted a study to assess the effect of a 
single hollow MN on insulin delivery in type 1 
diabetic adults (one male and one female) in 
comparison to that of a catheter infusion set 
(9 mm). The MN was attached to a 3 ml syringe 
which was further connected to a syringe pump 
that controlled the insulin delivery rate. The MN 
was then inserted at a 90° angle into the abdomi-
nal skin at three different depths 1, 3.5 and 5 mm 
using a custom-made rotator device. Results 
showed that a MN insertion depth of 1 mm within 
the skin led to rapid insulin absorption and reduc-
tion in the glucose levels in fasting subjects, 
proving effectiveness of hollow MNs in mini-

mally invasive transdermal delivery of insulin. It 
was hypothesised that fast absorption of insulin 
administered at a depth of 1 mm was due to inser-
tion of MNs in the close proximity of blood cap-
illaries in the papillary region of the dermis. 
Sivamani et al. (2005) studied injection of methyl 
nicotinate in 11 healthy human subjects, using an 
array of either pointed or symmetric hollow MNs 
(4 × 4), made from silicon (200  μm long and 
40 μm lumen diameter) and glued to a syringe. It 
was observed that the pointed MN injections 
resulted in higher blood flux than the symmetric 
MNs. In addition, the same workers investigated 
the effect of the hollow silicon MN arrays on the 
delivery of hexyl nicotinate to five human sub-
jects. Hexyl nicotinate, a lipophilic vasodilator, 
used as a marker of SC penetration, was either 
applied topically or injected at tape-stripped and 
unstripped sites of the forearms. It was demon-
strated that MNs were capable of injecting the 
drug beyond SC as confirmed by measuring the 
blood flow by laser Doppler imaging (LDI). The 
tape stripping did not enhance MN-mediated 
delivery of hexyl nicotinate (Sivamani et  al. 
2009). Furthermore, Van Damme et  al. (2009) 
conducted a single-blinded study to evaluate 
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Fig. 18.13  Hollow microneedles made of silicon and polymers (a–k) (Reproduced with permission from Elsevier, 
Kim et al. (2012))
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intradermal delivery of low-dose influenza vac-
cines (α-RIX®), using a novel MN device in 180 
healthy men and women (aged 18–40 years). The 
MN device (MicronJetTM) consisted of an array 
of four silicon MNs (450 μm length) bonded to 
the tip of a plastic adapter which, in turn, could 
be mounted on any standard syringe. Subjects 
were randomly assigned to receive either a full 
dose intramuscularly (IM) (15 μg haemaggluti-
nin (HA) per strain) by conventional needle (IM 
group) or a low dose intradermally (ID1 group) 
(3 μg HA per strain) or medium dose intradermally 
(ID2 group) (6 μg HA per strain) by MicronJetTM. 
It was concluded that the low-dose influenza vac-
cines delivered by MicronJetTM produced immu-
nogenicity responses similar to that of full-dose 
IM vaccinations.

18.2.5	 �Factors Influencing Skin 
Penetration of MN Arrays: 
Ensuring Efficacy and Safety

MN arrays are designed to overcome the skin’s 
formidable barrier, the stratum corneum, thus 
facilitating delivery of drugs into the body. The 
human stratum corneum is only 10–15 μm thick, 
and MNs have been designed to cross this barrier 
without going deep into the skin. This means that 
successful skin penetration is achieved in a pain-
less, non-bleeding manner and without MN fail-
ure. Therefore, by successfully bypassing the 
stratum corneum barrier, MNs have been shown 
to dramatically increase the number of com-
pounds that can be administered across the skin, 
including low-molecular-weight drugs, biothera-
peutics, vaccines and other materials (Kim et al. 
2012). To be effective as a transdermal drug 
delivery device, MNs are required to exhibit suf-
ficient strength which should allow skin insertion 
without breaking or bending. A variety of MNs of 
different designs have been produced from sili-
con, glass, metal, carbohydrates and polymers 
with sizes ranging from submicron to millimetres 
to form microscopic holes that allow for enhanced 
drug delivery (Henry et al. 1998; Prausnitz 2004; 
Stahl et al. 2012). However, not all MN geome-
tries are able to pierce the skin at reasonable 

forces without breakage or causing tissue dam-
age (Ji et al. 2006). Indicated from background 
research, whilst solid metal MNs tend to be very 
strong, hollow MNs are susceptible to fracture if 
not designed properly, whereas polymer MNs 
have been shown to fail by plastic deformation 
(Kim et al. 2012).

The main factors influencing the force neces-
sary to penetrate the skin and the force MNs can 
withstand before fracture are tip radius, base 
diameter, wall thickness, wall angle, needle 
geometry, needle height, material properties and 
needle density (Davis et  al. 2004). Moreover, 
when considering MN penetration into the tis-
sue, the issue of skin elasticity and its effect 
upon the reproducibility of MN piercing must be 
addressed. It has been demonstrated that the 
elastic nature of the skin results in its indenta-
tion and compression during MN insertion 
which, in turn, either completely prevents MN 
penetration or leads to incomplete piercing 
(Martanto et  al. 2006a; Mikszta et  al. 2006; 
Wang et al. 2006; Verbaan et al. 2007). In order 
to achieve successful MN insertion into the skin 
without breaking, penetration force has to be 
high enough to overcome resistive skin forces. 
In addition, the MNs themselves have to be 
mechanically strong enough to withstand shear 
forces in the tissue. Therefore, to design MNs 
capable of piercing the skin in a safe and reliable 
manner, the ratio between fracture force and 
penetration force should be maximised (Park 
et al. 2007).

Several studies have scrutinised mechanical 
properties of MNs, i.e. insertion and fracture forces. 
The influence of MN geometries on efficiency of 
percutaneous penetration as well as on MN fracture 
force was investigated for the first time by Davis 
et al. (2004). Single MNs varying in tip radius, wall 
thickness and wall angle were inserted into the skin 
of human subjects, and force applied to the needle 
was measured using a displacement-force test sta-
tion. In order to recognise the point of needle inser-
tion, skin resistance was measured. The electrical 
resistance of stratum corneum is much greater in 
comparison to deeper tissues (Yamamoto et  al. 
1976). Therefore, a sudden decrease in skin resis-
tance indicated needle penetration. MN insertion 
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forces (0.1–3 N) increased linearly with increasing 
cross-sectional area of the needle tip, whereas frac-
ture force increased with increasing wall thickness 
and wall angle. The greatest margin of safety (ratio 
between the fracture and insertion force) had MNs 
with small tip radius and large wall thickness 
(Davis et al. 2004). The mechanics of PLA, PLG 
and PLGA MN arrays was a subject of interest of 
Park et  al. (2005). In order to determine if poly-
meric MNs had the ability to pierce the skin with-
out any breakage, the fracture force of PLGA MNs 
was investigated as a function of needle length and 
base diameter. In addition, the effect of Young’s 
modulus on fracture force of MNs prepared from 
different polymer materials was assessed. This 
mechanical study showed that PLGA MNs of 
shorter length and wider base diameter required 
higher forces for breakage. MNs manufactured 
from material of higher Young’s moduli had greater 
failure forces (Park et al. 2005). However, Li et al. 
(2009) highlighted the difficulty for MNs of short 
height (< 300 μm) in successfully piercing the skin. 
This was attributed to the skin’s natural elasticity. 
In a study addressing this issue, the researchers 
examined the effect of administration with the aid 
of an applicator on MN insertion into dermatomed 
and full-thickness human skin in  vitro (Verbaan 
et al. 2008). The electrically driven applicator with 
controllable velocity (1 and 3 m/s) and three differ-
ent types of MNs (hollow metal, 300 μm, 4 × 4, 6 × 
6, 9 × 9; hollow silicon, 245 μm, 4 × 4; solid metal, 
300 μm, 4 × 4) were used throughout the study. It 
was demonstrated that using a velocity of 1 or 
3 m/s, the skin’s elasticity was overcome, and all 
types of MNs successfully pierced the skin as evi-
denced by Trypan blue staining. The use of the 
manual applicator resulted in an ineffective MN 
insertion. Furthermore, it was shown that the use of 
a higher insertion velocity led to an increase in the 
transdermal transport of model compound, cascade 
blue (CB), irrespective of MN type, suggesting that 
the depth of MN penetration achieved within the 
skin increases as the velocity of insertion is 
increased (Verbaan et al. 2008). Furthermore, the 
necessity for a reliable application method, rather 
than relying on manual application of the end user, 
has been highlighted in more recent studies 
(Crichton et al. 2010; Donnelly et al. 2010; Enfield 

et al. 2010; Coulman et al. 2011). It was shown that 
the depth of skin penetration achieved by a poly-
meric MN system was dependent upon the force of 
application (Donnelly et  al. 2010). Similarly, the 
depth of skin penetration achieved by a drug-coated 
silicon MN array was dependent upon the strain 
rate of application, with increased penetration also 
associated with a greater delivery of antigen pay-
load and a dramatic increase in the generation of 
systemic antibodies (Coulman et  al. 2011). As 
such, these studies highlight that simply relying on 
manual application of a MN device without the aid 
of a specific applicator design may lead to wide 
variations in the clinical efficacy of the device, 
which could hinder its commercial development.

18.2.6	 �Safety and Public Perception 
of MNs

Despite promising results from delivery studies 
and clinical trials, MN technology would be lim-
ited in its utility if application caused pain and 
distress in patients. Therefore, several studies 
have been conducted with the aim of establishing 
the scale of the pain associated with MN inser-
tion into the skin, the temporary nature of the dis-
ruption of the skin’s barrier function and the 
occurrence of other adverse skin reactions.

Kaushik et al. (2001) carried out the first MN 
safety evaluation study in human subjects. A total 
of 12 male and female healthy volunteers, aged 
between 18 and 40 years, participated in the study. 
Silicon MN arrays comprised of 400 needles 
which were 150 μm long with a base diameter of 
80 μm and tip radius of 1 μm were used in the 
study. Pain scores from the subjects were recorded 
on a visual analogue scale (VAS), and it was found 
that MN application was painless and caused no 
skin damage or irritation. Bal et al. (2008) investi-
gated safety and barrier disruption following 
application of MN arrays varying in length and 
shape of the tip. A total of 18 healthy volunteers 
(nine men and nine women) aged between 21 and 
30 years took part in the study. Parameters such as 
barrier function of the skin (measured by the 
TEWL), erythema (evaluated by skin colour and 
laser Doppler imaging (LDI) methods) and pain 
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score were measured. TEWL and erythema values 
after treatment with solid MN arrays of 400 μm 
height were significantly increased in comparison 
to solid MN arrays of 200 μm height. However, for 
all MN designs, the irritation was short-lasting  
(< 2 h) and application was perceived as painless. 
Haq et al. (2009) investigated the pain (using ~0 to 
10 cm VAS score) and sensory responses (using 
McGill Pain Questionnaire Short Form) in 12 
human subjects. Two different types of silicon 
MNs (of 180 and 280 μm heights and arranged in 
6 × 6 arrays) and a 25 G hypodermic needle were 
applied to the participants. The mean VAS pain 
scores were ~0.25 cm, ~0.60 cm and ~1.25 cm for 
180-μm MNs, 280 μm MNs and the hypodermic 
needle, respectively, indicating that hypodermic 
needle was perceived as significantly more painful 
than MN insertion. This result was further sup-
ported by verbal comments from participants who 
described hypodermic needle application as 
‘sharp’ and ‘stabbing’ and perceived MN insertion 
as ‘pressing’ and ‘heavy’. The authors, in line with 
pain and sensory response, assessed the efficacy of 
MN penetration into the skin. A topical application 
of methylene blue to the skin showed that the 
micropores are created following insertion of the 
MNs, with subsequent pore closure occurring 
between 8 and 24 h after the removal of MNs.

In several other studies, focused mainly on 
assessment of the efficacy of MN-assisted drug 
delivery to human subjects, the evaluation of pain 
and discomfort was also carried out. Wermeling 
et al. (2008) evaluated the tolerability of not only 
MNs themselves but also MN arrays (5 × 10 MNs, 
620 μm in height) in combination with drug formu-
lations during investigation of MN-mediated sys-
temic delivery of naltrexone in human volunteers. 
It was found that MN array insertion was four 
times less painful than insertion of a hypodermic 
needle (the mean VAS score using 0 to 10 cm scale 
was 0.6 cm and 2.4 cm, respectively). In addition, 
after MN application only transient erythema was 
observed which disappeared within a few hours. 
However, skin changes were more pronounced 
after MN insertion followed by application of NTX 
patch. In two out of six subjects, contact dermatitis 
occurred at MN insertion site being in contact with 
NTX formulation, and in another two subjects, 

local irritation and mild erythema were seen. The 
increase in severity of adverse skin reactions was 
attributed to the properties of the NTX and the 
presence of benzyl alcohol in the NTX formulation 
rather than the MN device itself. Sivamani et  al. 
(2005) reported that human volunteers described 
injection of a 1 μl methyl nicotinate using 200 μm 
silicon MNs as a feeling of pressure but no pain. 
Similarly, Gupta et al. (2009) assessed pain when 
comparing insulin infusion via hollow MN to cath-
eter-based insulin administration. Both human sub-
jects perceived MN-mediated insulin delivery as 
less painful than catheter infusion. Van Damme 
et al. (2009) reported that local reactions, such as 
erythema and swelling, were more frequent after 
intradermal injections of influenza vaccine 
(α-RIX®) using a novel MN device MicronJetTM in 
comparison to intramuscular injections. However, 
the reactions were described as mild and of short 
duration. In addition, no significant difference was 
observed in the level of pain experienced by 
patients who received intradermal and intramuscu-
lar injections. Gupta et al (2011) highlighted that 
possible pain from hollow microneedles can be 
caused by MN insertion as well as liquid infusion 
during injection. Consisting of one female and nine 
males, this study detailed that insertion of a single 
MN even as deep as 1 mm into the skin was gener-
ally not perceived as painful. The pain scores were 
measured using VAS.

Apart from the evaluation of the pain and local 
adverse skin reactions associated with MN appli-
cation, the possibility of microorganism influx 
through MN-created pathways was explored. It is 
important to consider whether residual holes left 
by MN in the skin may be sites for infection. 
Donnelly et al. (2009c) investigated movement of 
C. albicans, S. epidermidis and P. aeruginosa 
across porcine skin pretreated with MN arrays (5 
× 6 MNs, 280 μm in height). A 21 G hypodermic 
needle puncture served as a positive control. The 
study showed that representative microorganisms 
can traverse microchannels formed by MN inser-
tion. However, MN pretreatment resulted in sig-
nificantly lower microbial penetration in 
comparison to hypodermic needle skin perfora-
tion. Wei-Ze et al. (2010) evaluated the potential 
of microorganism invasion through microcon-
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duits in vivo. Rat skin was pretreated either with 
flat-tipped super-short MN array (10 × 10, 80 μm 
in height) or a macroneedle (1500 μm in height), 
and subsequently a culture solution of S. aureus 
was applied. The development of infection was 
assessed by the measurement of white blood cells, 
leucomonocytes and neutrophil granulocyte lev-
els within the blood. It was demonstrated that 
there was no significant difference in the popula-
tions of three cell types between MN-treated 
group and control group (untreated rats), indicat-
ing that the small size of the created microchan-
nels did not allow for microorganism passage 
across the skin. In contrast, in rats treated with a 
macroneedle, the number of all three cell types 
was increased, indicating development of an 
infection. In addition, the authors assessed 
changes in the skin pretreated with MN array by 
examining the skin expression of EIIIA+(526 bp) 
segment, a sensitive marker of tissue injury. No 
expression of EIIIA+(526 bp) segments in the skin 
was observed which was interpreted as a lack of 
MN-induced skin damage.

In addition to the extensive research concen-
trated on evaluation of MN efficacy in preclini-
cal and clinical studies as well as their safety, a 
study by Birchall et  al. (2011) provided an 
insight into the perception of the public and 
healthcare professionals on MNs as a new drug 
delivery platform. A number of advantages 
associated with MN technology, such as reduc-
tion in pain and tissue damage on administra-
tion, were highlighted by the members of public. 
Self-administration was also viewed as benefi-
cial; however, the need for an built-in dosing 
indicator was emphasised. Among the most 
commonly expressed concerns were effective-
ness of delivery, delayed onset of action, repro-
ducible dosing and relatively high cost. 
Similarly, healthcare professionals acknowl-
edged a variety of benefits of a MN drug deliv-
ery device and described the technology as 
especially appealing to paediatric and needle-
phobic patients. In addition to concerns raised 
by the public, the healthcare professionals also 
drew attention to interindividual variations in 
skin thickness, the possibility for increased risk 
of infection and difficulty in injecting a small 
volume using MNs.

18.3	 �Recent Developments

Since conception in the late 1990s, the MN field 
has continued to evolve and improve, with superior 
manufacturing materials, fabrication methods and 
designs appearing within the scientific and patent 
literature. The introduction of biodegradable, poly-
meric MN devices may herald a new area in the 
development of MN technology, overcoming a 
number of disadvantages of previous MN designs. 
Firstly, solid MN devices may suffer from the fact 
that silicon is not an FDA-approved biomaterial, 
with concerns over the potential skin problems that 
could arise if breakage of silicon or metal MNs 
occurred. Secondly, the use of a solid, nondrug-
coated MN device requires a two-step application 
process, which is undesirable, particularly for at 
home usage where a dosage form may not be posi-
tioned exactly over the area of the skin where MN 
puncture was performed. Whilst coated MN 
devices may overcome this issue, accurate MN 
coating is a difficult process, which requires con-
siderable research effort to optimise on a drug-to-
drug basis. Furthermore, a coated MN device is 
only capable of delivering up to a maximum of 
1 mg of drug as a bolus dose only. Although hollow 
MNs offer the potential for continuous infusion, or 
as required dosing, of a drug solution, central out-
lets may become blocked by compressed dermal 
tissue following MN insertion. The major advan-
tages of polymeric MN systems include the possi-
bility of loading a drug to be delivered into the MN 
matrix for release in the skin by biodegradation or 
dissolution in the skin’s interstitial fluid and, in 
many cases, their biocompatibility and biodegrad-
ability. Furthermore, the ability to produce MN 
device from aqueous polymeric blends at ambient 
conditions, without the need for a heating step, 
could prove to be a notable advantage in preserving 
the stability of an incorporated drug, particularly in 
the case for peptide and vaccine delivery.

In order for a successful development and 
widespread commercialisation of MN technol-
ogy, it is of paramount importance that the exact 
depth of MN penetration and the dimensions of 
the microchannels created within the skin as well 
as the recovery of the skin’s natural barrier func-
tion ability from patient to patient can be deter-
mined. The majority of studies to date have 

E. McAlister et al.



297

confirmed successful MN skin penetration by 
applying a coloured dye to the skin surface or by 
measuring transepithelial water loss following 
MN removal. Although these techniques confirm 
whether the SC has been compromised, they pro-
vide no information with regard to the true depth 
of MN penetration. Recently, there has been a 
crucial development in optical imaging methods 
that could prove to be a major milestone for the 
progression of MN technology into a clinical real-
ity. Researchers from three different groups have 
simultaneously highlighted the benefits of optical 
coherence tomography, enabling the non-invasive 
assessment of MN penetration depth, MN disso-
lution and pore closure kinetics, in real time and 
in vivo. Enfield et al. (2010) and Coulman et al. 
(2011) both utilised OCT to enable direct visuali-
sation and quantification of the micropores cre-
ated within the skin following MN insertion and 
subsequent removal, and followed the pore clo-
sure kinetics as the skin recovered in vivo. Whilst 
these two studies focused on the manual applica-
tion of the MN array, it is envisaged that some 
form of quantifiable application method will be 
necessary for MN technology to be accepted by 
the regulatory authorities, healthcare profession-
als as well as the general public. As such, Donnelly 
et  al. (2010) evaluated the potential for OCT to 
enable an assessment of the effect that application 
force had upon MN penetration into the skin 
in  vitro. It was found that increasing the force 
used for MN application resulted in a significant 
increase in the depth of penetration achieved 
within neonatal porcine skin. Furthermore, it was 
shown that, at a constant application force, the 
density of a MN had no impact upon the depth of 
skin penetration achieved by a MN array. The 
authors believe that the use of OCT opens up the 
possibility to investigate the consistency of MN 
penetration, dissolution and also skin recovery on 
a patient-to-patient basis. Indeed, given the exten-
sive in  vitro characterisation of MN technology 
that has been completed to date, a comprehensive 
evaluation of how MN design, skin penetration 
depth and MN dissolution affect the performance 
of a MN device in vivo is exactly the type of stud-
ies that are needed to enable MN-based delivery 
systems to move closer towards widespread 
commercialisation.

An excellent insight into how MN technology 
is currently perceived by healthcare professionals 
and the general public was recently undertaken 
by Birchall et al. (2011), as discussed previously. 
This type of study design is to be commended 
and should be further explored. Too often, the 
development of new drug delivery technology is 
focused on the device potential and possibilities, 
with little consideration of the end user. With MN 
technology reaching a stage where clinical usage 
is becoming ever more likely, the MN research 
community must now begin to consider the find-
ings of this paper. Future studies should focus 
upon ways to overcome the perceived disadvan-
tages and concerns of MN devices. In particular, 
the need for a simple, reliable application method 
and incorporation of a dosing indicator compo-
nent (i.e. a component of the device that notifies 
the user that the correct dose has been delivered) 
into the MN device are areas that currently have 
not been fully explored or addressed.

18.4	 �Progression to Widespread 
Clinical Use

There has been a substantial increase in the atten-
tion that MN technology has received over the 
last 5 years, with number of publications con-
cerning MN evaluation more than doubling in 
quantity since 2005. As such, it is envisaged that 
there will be a continued trend, with the number 
of academic MN research groups increasing in 
number and size, and an increased attention from 
pharmaceutical investors. This is likely given that 
MN technology will be useful for delivering not 
only the growing number of biopharmaceuticals 
available but also small water-soluble molecules 
normally cannot be delivered transdermally. 
There are currently a number of companies that 
are working towards commercialisation of their 
respective MN technology, including Zosano 
Pharma, Corium, Nanopass, 3 M and BD. Zosano 
Pharma is currently preparing to enter a phase III 
pivotal trial using a solid drug-coated MN patch 
system (MN height 190 μm) for the delivery of 
parathyroid hormone in the treatment of severe 
osteoporosis, with a high likelihood of positive 
outcome based upon phase II results. Importantly, 
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Zosano Pharma has incorporated an applicator 
system as an essential component of this delivery 
system, which applies a consistent and pain-free 
force, and has been optimised for easy use by 
elderly patients. Furthermore, focus study groups 
(288 postmenopausal women with osteoporosis; 
aged 60–85 years) were conducted to evaluate 
patient perception of this technology, with posi-
tive outcomes noted. It was highlighted that 93 % 
of patients liked the patch concept ‘extremely 
well’, whilst 90 % rated it as easy to use, as exem-
plified by the fact that 82 % of patients were 
capable of applying the patch correctly the first 
time without any help (Zosano 2012). Indeed, it 
appears that incorporation of the applicator 
device leads to an enhanced patient acceptability 
and faith in the device as a drug delivery system. 
NanoPass Technologies Ltd. has conducted a 
number of clinical trials demonstrating effective, 
safe and painless intradermal delivery of local 
anaesthesia, insulin and influenza vaccine via 
their MicronJet® technology (device consisting 
of four hollow silicon microneedles attached to 
the barrel of a conventional syringe). Indeed, this 
product has recently been granted FDA approval. 
Becton-Dickinson’s Soluvia®, which consists of 
a single metal MN, has also been approved by the 
FDA for intradermal influenza vaccination.

3  M’s microstructured transdermal system 
(MTS) having either solid or hollow MNs has 
shown promising results in several preclinical 
studies for the delivery of protein, peptides and 
vaccines (3 M 2012). Whilst the above MN devices 
have been based upon solid or hollow MN sys-
tems, it is predicted that devices based upon FDA-
approved, biodegradable polymeric MN 
formulations will receive an increased attention 
from pharmaceutical investors. This is due to the 
number of notable advantages of polymeric sys-
tems, as described previously. In particular, the 
self-disabling nature of these devices may aid in 
their regulatory approval. Once inserted into the 
skin, polymeric systems will either rapidly dis-
solve or undergo such morphological changes that 
disable effective skin penetration if used on 
another individual. Post removal this is particu-
larly advantageous if polymeric MN devices were 
to be used as part of large-scale vaccination 

programmes, eliminating the need for sterilisation 
of a needle that may be reused between individuals 
and avoiding the potential for cross-contamination 
to occur in countries that may not have access to 
sterilisation equipment as well as reducing the 
potential for needle stick injuries occurring.

Given the considerable evidence available 
within the literature that MNs of a wide variety of 
designs are capable of achieving transdermal drug 
delivery, it is envisaged that a concerted effort into 
the development of integrated MN devices will 
now begin. To gain wider acceptance from regula-
tory authorities, healthcare professionals and 
patients themselves, informative focus group-cen-
tred studies have been carried out with a seminal 
study by the Birchall Group conducted (discussed 
above). From this study, it was promising to con-
clude that 100 % of the public participants and 
74 % of the healthcare professional participants 
were optimistic about the future of microneedle 
technology. However, from this and other studies, 
it appears a necessity that an applicator aid and a 
dosing indicator be included within the overall 
MN device (with the MN array itself being dispos-
able, or reusable, and the applicator/dosing indica-
tor reusable). Whilst a wide variety of applicator 
designs have been disclosed within the patient lit-
erature, which has been the focus of a recent 
review article (Thakur et  al. 2011), only a few 
crude designs based upon high impact/velocity 
insertion or rotatory devices have been described 
as part of an essential component in the characteri-
sation of MN efficacy (Crichton et  al. 2010; 
Donnelly et  al. 2010). More studies are now 
required to evaluate how enhanced or targeted 
delivery may be achieved through the use of such 
devices and whether an application method may 
have to be calibrated on patient-to-patient basis, to 
take into account variability in skin thickness and 
mechanical strength.

Furthermore, novel applications of MN technol-
ogy may begin to come to the forefront. The ability 
of MN arrays to extract bodily fluids for drug/ana-
lyte monitoring is interesting. Wang et al. (2005) 
described the extraction of interstitial fluid for glu-
cose monitoring using a glass, hollow MN array, 
both in rat and human subjects. It was shown that 
MNs were capable of extracting between 1 and 
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10 μl of interstitial fluid and glucose concentration 
correlated closely with systemic blood levels.

The ability of MN technology to both deliver 
and extract molecules in a non-invasive manner 
across the skin opens up the possibility for the 
development of a closed-loop responsive device, 
with a MN component delivering the medication 
in response to the MN therapeutic monitoring 
component. As technological advances continue, 
MN arrays may become the pharmaceutical dos-
age form of the near future. However, there are a 
number of barriers that will firstly need to be 
addressed in order for MN technology to progress. 
From a regulatory view, currently little is known 
about the safety aspects that would be involved 
with long-term usage of MN devices. In particular, 
studies will need to be conducted to assess the 
effect that repeated microporation has upon recov-
ery of the skin barrier function. Given the mini-
mally invasive nature of the micropores created 
within the skin following MN application, espe-
cially in comparison to the use of a hypodermic 
needle, and the fact that it would be very unlikely 
that a MN device could be applied to the exact 
same micropores every time, it is envisaged that 
MN technology will be shown to have a favour-
able safety profile. Another important safety issue 
is the sterilisation of MNs for single application or 

for unintended multiple. Whilst the probability of 
cross infection with MN devices would be 
expected to be much lower than the incidences 
seen through the use of hypodermic needles, fur-
ther studies are required to evaluate the need for 
sterilisation of MN-based devices. Once all these 
safety aspects have been addressed, the practicali-
ties involved for the mass scale production of MN 
devices for commercial usage will need to be care-
fully considered. Currently, MN devices are made 
by a wide variety of techniques, often in process 
that is completely different to those used in the 
production of conventional dosage forms. As such, 
it would appear that any pharmaceutical company 
wishing to commercialise MN technology would 
need to make a significant capital investment in 
order to design, develop and optimise a cost-effec-
tive, reproducible method for large-scale MN pro-
duction. Ultimately, the first type of MN designs 
that reach the market may be those that set the 
requirements for fabrication (non-irritant, non-
allergenic, non-toxic material meets all safety 
requirements, cheap and easy to process) and 
safety (easy for patients to use, no infection, no 
irritation, no short- or long-term side effects). 
Other MN products may then need to meet or sur-
pass such requirements in order to gain regulatory 
approval and a foothold in the market.

Key Issues

•	 A wide variety of MN types and designs 
have been shown to be effective for the 
transdermal delivery of a great range of 
drug molecules, both in vitro and in vivo.

•	 Small-scale clinical trials have highlighted 
the minimally invasiveness nature of these 
devices, causing no pain, no bleeding, min-
imal irritation if any and complete skin 
recovery within a few hours.

•	 Vaccine-loaded polymeric microneedle 
arrays have been shown to elicit a greater 
immune response in comparison to intra-
muscular injection and have a number of 
notable advantages over the use of conven-
tional hypodermic needles.

•	 The ability of microorganisms to traverse 
microneedle-induced pores within the skin 
has been found to be minimal and with a 
lower incidence for occurrence when com-
pared to the skin damage caused through 
the use of a hypodermic needle.

•	 Microneedle devices have the potential  
for non-invasive therapeutic drug/analyte 
monitoring.

•	 Focus group studies have identified key 
areas that need to be addressed by the MN 
community in order for the technology to 
progress. These include an easy-to-use 
applicator device and a component within 
the device that indicates the successful 
delivery of a drug dose.
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19.1	 �Introduction

Microneedles (MNs) can penetrate the stratum 
corneum of the skin and into the viable epider-
mis, but avoiding the contact with nerve fibres. 
Thus the principal benefit of using MNs is the 
promise of pain-free penetration and delivery of 
both small and large molecular-weight active 
pharmaceutical ingredients (APIs). MNs consist 
of a plurality of microprojections and consist of 
micron-sized needles that are attached to a base 
support and generally range from 25 to 2000 μm 
in height. Application of MN arrays to biological 
membranes can create transport pathways of 
microns in dimensions. Once created, these 
micropores or pathways are orders of magnitude 
larger than molecular dimensions and, therefore, 
should readily permit the transport of macromol-
ecules, as well as possibly supramolecular com-
plexes and microparticles (Prausnitz 2004). In 
addition, MNs could be used for sampling inter-
stitial body fluids, for example, measuring the 
blood glucose levels in diabetic therapy. ALZA 
Corporation, as described in a 1976 patent 
(Gerstel and Place 1976), is the first to conceive 
that the use of plurality of microarrays to pene-
trate the skin to overcome the barrier function of 
the stratum corneum. However, it was not possi-
ble to make such microstructured devices until 
the 1990s. This delay was because of the fact that 
the technology needed to design feasible micron 
or submicron structures only become available 
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with arrival of high precision microelectronics 
industrial tools during the 1990s. The earliest 
MNs were manufactured using standard micro-
fabrication techniques to etch arrays of micron-
sized needles into silicon (Henry et  al. 1998). 
Since then, they have been produced using a 
range of materials, such as ceramic, glass, 
polydimethylsiloxane (PDMS), dextrin, poly-
mers and metal such as stainless steel and tita-
nium. They have also been produced in numerous 
geometries, sizes and shapes and with or without 
a bore, allowing use for different applications.

Microelectromechanical systems (MEMS) 
technology is one of the most promising methods 
to fabricate the optimal design of MN for specific 
application, as it allows for accurate replication 
of MN to produce extremely precise devices. Use 
of MEMS techniques has led to potential appli-
cations in biomedical fields (called BioMEMS), 
such as in drug delivery, DNA sequencing 
devices, biosensors and chemical analysis sys-
tems (Ashraf et al. 2011; Donnelly et al. 2012). 
The most common substrate material for micro-
machining is silicon. It has been successful in 
the microelectronics industry and will continue 
to be in areas of miniaturisation for several rea-
sons such as it is abundant, inexpensive compar-
ing to metal and ceramic and can be processed to 
unparalleled purity. Silicon’s ability to be depos-
ited in thin films is also very amenable to MEMS 
(Donnelly et al. 2010; Garland et al. 2011; Kim 
et al. 2012).

A number of papers and patents have been 
published on the manufacturability of different 
types of MNs by different techniques. This chap-
ter details a variety of microfabrication technolo-
gies that have been utilised in the fabrication of 
different types of MNs from different materials, 
such as, silicon, metal and polymers.

19.2	 �Conventional MEMS 
Fabrication Technology

Most MN fabrication methods are based on the 
conventional microfabrication techniques of add-
ing, removing and copying microstructures utilis-
ing photolithographic processes, laser cutting, 
metal electroplating, silicon etching, metal elec-

tropolishing and micromolding (Kim et al. 2012). 
The three basic techniques in MEMS technology 
are: (1) to apply a patterned mask on top of a film 
by photolithograpic imaging, (2) the deposition 
of thin films of material on a substrate and (3) 
etching the films selectively to the mask (Madou 
1997; Banks 2006).

19.2.1	 �Thin Film Deposition

Thin film deposition involves processing above 
the substrate surface (typically a silicon wafer 
with a thickness of 300–700  μm). Material is 
added to the substrate as thin film layers, which 
can be either structural layers or act as spacers, 
later to be removed. MEMS deposition techniques 
fall into two categories, depending on whether the 
process is primarily chemical or physical (Madou 
1997). In chemical deposition, films are deposited 
because of a chemical reaction between the hot 
substrate and inert gases in the chamber at low 
or atmospheric pressure. Depending on the phase 
of the precursor, chemical deposition is further 
classified into plating, spin coating, chemical 
vapor deposition (CVD) (e.g. low-pressure CVD, 
plasma-enhanced CVD and very low-pressure 
CVD) and atomic layer deposition. In physical 
deposition, the raw materials (solid, liquid, or 
vapour) are released and physically moved to the 
substrate surface, e.g. thermal evaporation, sput-
tering and ion plating. The choice of deposition 
process is dependent upon several factors, e.g. 
substrate structure, operating temperature, rate 
of deposition and source. These films layers are 
deposited and subsequently patterned using pho-
tolithographic techniques and etched away to 
release the final structure (Banks 2006; Madou 
1997). A summary of MEMS deposition tech-
niques is found in Table 19.1.

19.2.2	 �Photolithography

Photolithography is a technique used to trans-
fer copies of a master pattern onto the surface 
of a substrate of some material (usually a sili-
con wafer). The substrate is covered with a thin 
film of some material, e.g. silicon dioxide (SiO2) 

T.R.R. Singh et al.



307

(Fig. 19.1a), on which a pattern of holes will be 
formed, as seen in Fig. 19.1. There are different 
types of lithography such as photolithography, 
electron beam lithography, ion beam lithogra-
phy or X-ray lithography. Diamond patterning 
is also an option for lithography. A thin layer of 
an organic polymer known as photosensitive or 
photoresist, which is sensitive to ultraviolet radia-
tion (UV), is then deposited on the oxide layer 
(Fig. 19.1b). A photomask, consisting of a glass 
plate (transparent) coated with a chromium pat-
tern (opaque), is then placed in contact with the 
photoresist-coated surface (Madou 1997). The 
wafer is exposed to illumination; the simplest 
form is the use of UV, transferring the pattern of 
the mask to the photoresist, which is then devel-
oped (Fig. 19.1c). The radiation causes a chemi-
cal reaction in the exposed areas of the photoresist 
of which there are two types: positive and nega-
tive. During the development processes, the rins-
ing solution removes either the exposed areas or 
the unexposed areas of photoresist layer, by either 
wet-etch (using solvent) or dry-etch (using vapour 
phase or plasma) technique, thereby leaving a 
pattern of bare and photoresist-coated oxides on 
the wafer surface (Fig.  19.1d). The oxide layer 
is etched (Fig. 19.1e). After that, the unwanted 
photoresist left behind the development process 
is removed by oxygen plasma treatment (Banks 
2006; Donnelly et  al. 2012; Madou 1997). The 
final oxide pattern is then either a positive or neg-
ative copy of the photomask pattern and used as a 
mask in subsequent processing steps (Fig. 19.1f). 
In MEMS, the oxide is used as a subsequent mask 
for either further additional chemical etching cre-
ating deeper 3D holes or new layers on which to 
build further layers, resulting in an overall 3D 
structure or device (Banks 2006; Madou 1997).

19.2.3	 �Etching

Etching is a technique to cut the unprotected parts 
of a material’s surface by using strong acid or 
physical process to create a design in it and can 
be divided into two categories: wet etching or dry 
etching. The selection of any of the abovemen-
tioned methods largely depend on the material of 
construction and the type of MN (Donnelly et al. 
2012). It is used to etch the thin films previously 
deposited and/or the substrate itself. In wet etching 
the material is removed by immersion of a mate-
rial (typically a silicon wafer) in a liquid bath of a 
chemical etchant. These etchants are classified into 
isotropic or anisotropic. Isotropic etchants attack 
the material at the same rate in all directions. On the 
other side, anisotropic etchants etch material at dif-
ferent rates in different directions, so it is faster in 
a preferred direction. Potassium hydroxide (KOH) 
and tetramethyl ammonium hydroxide (TMAH) 
are the most common anisotropic etchants. 
Structures formed in the substrate are dependent 
on the crystal orientation of the substrate or wafer. 
The dry-etching technology can be divided into 
three classes called reactive ion etching (RIE), 
sputter etching and vapour phase etching. Deep 
reactive-ion etching (DRIE) is a higher-aspect-
ratio, up to 50:1, etching method that involves an 
alternating process of high-density plasma etching 
in combination with CVD.  This process, called 
BOSCH, was patented by Laermer and Schilp at 
Robert Bosch GmbH in 1994 (Laermer and Schilp 
1996). For silicon, DRIE is one of the most impor-
tant promising technologies for high volume pro-
duction. Although the BOSCH process provides a 
tool to optimise fabrication parameters to achieve 
high etch rate, high aspect ratio, straight sidewalls 
and small sidewall scalloping. The probability of 

Table 19.1  Different MEMS thin film deposition techniques

Physical vapor deposition (PVD) 
techniques

Chemical vapor deposition (CVD) 
techniques Others deposition techniques

Thermal evaporation Plasma-enhanced CVD (PECVD) Epitaxy

Sputtering Atmospheric pressure CVD Casting

Molecule beam epitaxy Low pressure CVD (LPCVD) Electrochemical deposition

Ion plating Very low pressure CVD 
(VLPCVD)

Silk-screen printing

Laser ablation deposition Metalorganic CVD Plasma spraying

Cluster beam deposition Spray pyrolysis Casting
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getting non-vertical, tapered sidewalls is limited 
(Roxhed et al. 2007).

19.3	 �Microfabrication of MNs

MNs are classified as in-plane, out-of-plane or a 
combination of both, as seen in Fig. 19.2, based 
on MN design. Considering the in-plane designs 
(Fig.  19.2a), the MNs are parallel with the 
machined surface of the substrate (e.g. Si wafer); 
the major advantage of in-plane MNs can be eas-
ily and accurately controlled by the production of 
the MNs with various lengths during fabrication 
process. Whereas in out-of-plane designs 
(Fig.  19.2b), the MNs are perpendicular to the 
fabrication surface of Si wafer, and it is easier to 
produce in arrays than in-plane (Ashraf et  al. 
2011; Donnelly et al. 2012).

The shape and geometry of MNs are critical 
during design and fabrication. The needles must 
be capable of inserting into the skin without 
breaking, and the needles should be of suitable 
length, width and shape to avoid nerve contact 
(McAllister et  al. 2003; Park et  al. 2005; Yung 
et al. 2012). The elastic properties of human skin 
can prevent MN from penetration by twisting 
around the needles during MNs application, par-
ticularly in the case of blunt and short MNs 
(McAllister et  al. 2003). Metals are typically 
strong enough, whereas MNs fabricated from 
polymers should have sufficient mechanical 
strength. Typical MN geometries vary from 25 to 
2500 μm in length, 50 to 250 μm in base width 
and 1 to 25 μm in tip diameter (McAllister et al. 
2003; Yung et al. 2012).

MN can be classified as solid, coated, dis-
solving, or hollow according to the structure. 
MN can also be classified on the basis of overall 
shape and tip, ranging from cylindrical, rectan-
gular, pyramidal, conical octagonal to quadran-
gular, with different needle lengths and widths. 
The tip shape of MN is important for skin pen-
etration, because sharper MNs have higher 
potential for penetrating the skin, but larger tip 
diameters require higher insertion forces, which 
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Fig. 19.1  Sequential processes in the transfer of a pat-
tern to the substrate surface. (a) the substrate is covered 
with a thin film of SiO2. (b) a thin layer of photoresist 
(Photosensitive) is deposited onto the layer of SiO2. (c) 
a photomask is placed onto the photoresist layer. The 
wafer is exposed to e.g. UV and the pattern of the mask 
is transferred to the photoresist. (d) the unexposed area of 
the photoresist layer is removed and a pattern of bare and 
photoresist-coated oxide layer is left on the wafer surface. 
(e) the oxyde layer is etched. (f) the unwanted photoresist 
left is also removed and the final oxide pattern is obtained.
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may lead to bending or breaking of the needles 
in the skin (Arora et al. 2008; Banga 2009; Teo 
et al 2006). In addition, the shape of the tip of a 

hollow MN is essential for the flow rate, the 
flow from a blunt-tip MN supports lower than a 
bevel-tip MN, because a blunt-tip MN compacts 

a b c

Fig. 19.2  Scanning electron microscope (SEM) images 
of (a) in-plane MNs (Daddona 2002), (b) out-of-plane 
MNs (Donnelly et  al. 2009) and (c) combined in-plane 

and out-of-plane MNs (Jae-Ho et  al. 2008) (Reprinted 
with permission from Elsevier)

a b c d e

f g h

Fig. 19.3  Shapes of MNs: (a) cylindrical, (b) tapered tip, (c) canonical, (d) square base, (e) pentagonal-base canonical 
tip, (f) side-open single lumen, (g) double lumen, (h) side-open double lumen (Adapted from Ashraf et al. 2011)
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the skin and thus has higher risk of clogging 
(Bodhale et  al. 2010; Luttge et  al. 2007). To 
overcome this problem, it should have a very 
sharp tip with the bore of the MN off centred or 
on the side of the MN. Increasing the number of 
bores in a hollow MN will increase the flow 
rate; nevertheless, this results in decreased 
strength of MN and a reduction in sharpness 
(Stoeber and Liepmann 2002). Figure  19.3 
summarises the multiple geometries of MN 
available.

19.3.1	 �Design and Fabrication 
of Solid/Hollow MNs

As the name suggests, these MNs are either a 
solid, with no openings in the structure, or a hol-
low with a bore/opening within the needle. In 
order to utilise these MNs for drug delivery, a vari-
ety of materials have been used for manufacture, 
such as metals (Gill and Prausnitz 2007; Matriano 
et al. 2002), silicon (Gardeniers et al. 2003), glass 
(McAllister et al. 2003), nonbiodegradable poly-
mers (Jin et al. 2009; Moon et al. 2005) and bio-
degradable polymers (Park et al. 2005). The most 
common materials are discussed below.

19.3.1.1	 �Silicon-Based Solid/Hollow 
MNs

Prausitz’s research group from Georgia Institute 
of Technology, Atlanta, USA fabricated the first 
MN which was made up of silicon. The Si wafer 
is etched by an oxygen/fluorine plasma mixture 
in a RIE (a dry-etching process) with a chromium 
mask. The dimensions of needles were approxi-
mately 80 μm at the base, 150 μm in length and 
approximately 1 μm radius of curvature at the tip. 
These needles were capable to increase skin per-
meability of calcein, insulin and bovine serum 
albumin (Henry et  al. 1998; McAllister et  al. 
2000). Wilke et al. (2005) fabricated silicon MN 
by a dry-etching technique (a modified RIE). 
Using a standard wafer of 525  μm thickness, 
conical-shaped solid MN with an aspect ratio of 
4.5:1 (height: base diameter). As usual, undercut 
etch rate to vertical etch using sulphur hexafluo-
ride/oxygen (SF6/O2) was utilised with the 
BOSCH-DRIE process (Wilke et al. 2005).

Another type of solid silicon MN called 
micro-enhancer arrays was etched from silicon 
wafers using lithography and potassium hydrox-
ide etching, and it was able to deliver naked plas-
mid DNA into mice skin. These needles measure 
50–200 μm in length over a 1 cm2 area and have 
a blunt tip (Mikszta et  al. 2006). This study 
showed the feasibility of using blunt-tipped MN 
to scrape the skin for the increased delivery of 
DNA vaccine to generate an immune response 
using MN.

Roxhed et al. (2008a) fabricated a sharp hol-
low silicon MN tips with side openings. In addi-
tion, the tips were sealed with a layer of gold 
coating to yield a closed-package system. The 
MN was made on a 600 μm thick, monocrystal-
line silicon wafers using a two-mask process, an 
anisotropic DRIE etch through the BOSCH pro-
cess and an isotropic SF6 plasma etching. There 
were two designs of MN: a 310 μm long cross-
shaped and 400 μm long circular-shaped. Three 
different methods to open the gold seals were 
used: namely, burst opening, opening upon inser-
tion into the skin and electrochemical opening 
(Roxhed et al. 2008a). Moreover, Roxhed et al. 
(2008b) integrated the 400  μm long, circular-
shaped HMN (hollow MN) with electrically con-
trolled liquid-dispensing unit to form a patch-like 
drug delivery system. This liquid dispenser made 
up of three different layers: a 500  μm thick 
printed circuit board (PCB) heater layer, a 
500 μm thick expandable layer (a mixture of sili-
cone elastomers) and a liquid reservoir (total vol-
ume of 12 μL). This integrated device used for 
delivery of insulin in diabetic rats showed consis-
tent control over blood glucose levels (Roxhed 
et al. 2008b).

19.3.1.2	 �Metal-Based Solid MNs
Metal MNs have good mechanical strength, are 
easy to fabricate and relatively inexpensive, and 
the metals used, such as stainless steel, titanium 
and nickel, have established safety records in FDA 
medical-approved devices (Gill and Prausnitz 
2007). They have been fabricated by laser cut-
ting (e.g. stainless steel), wet-etching (e.g. tita-
nium), laser ablation and metal electroplating 
methods (Kim et  al. 2012). The smallest used 
hypodermic needles (30/31  G) were translated 
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into an array of MN. A research group at Alza 
Corp. reported titanium MN arrays (commer-
cially called Macroflux®) which were fabricated 
by applying a thin layer of photoresist onto a tita-
nium or stainless steel sheet, contact-exposing 
and developing the resist with the desired pattern 
and bending the arrays to a 90° angle (relative to 
horizontal sheet plane), which ranged from 175 
to 430 μm in length, 190–320 arrays/cm2 over an 
area of 2 cm2, base width 170 μm and thickness 
35 μm. These microprojection arrays were able 
to deliver oligodeoxynucleotides, ovalbumin, 
synthetic peptide and human growth hormone 
across hairless guinea pigs’ skin (Cormier and 
Daddona 2003).

Omatsu et al. (2010) fabricated MN on a metal 
surface based on laser ablation using circularly 
polarised optical vortices having nonzero total 
angular momentum, known as twisted light with 
spin, for the first time. The needle showed a 
height of at least 10 μm above the target surface 
and a tip diameter of less than 0.5 μm. They also 
demonstrated the fabrication of a two-dimensional 
5 × 6 MN array. This technique forms a metal MN 
by deposition of a few laser pulses onto a metal 
target, significantly improving the time and cost 
of fabrication of two-dimensional metal MN 
arrays (Omatsu et al. 2010).

Bai et  al. 2012 fabricated micro-sized 
nickel needle array by the Lithographie, 
Galvanoformung, Abformung (LGIA, eng. 
Lithography, Electroplating, and Molding) pro-
cess which is a high aspect ratio fabrication tech-
nique based on polydimethylsiloxane (PDMS) 
mould and nickel transfer technology; the den-
sity of array was 900  MN/cm2, and the height 
was 150 μm. The advantages of this fabrication 
method are forming complex 3D micro metal 
structures, low cost, and high throughput.

19.3.1.3	 �Ceramic-Based Solid 
Microneedles

The use of ceramic materials raised the possibil-
ity to fabricate solid and porous MN, which can 
be loaded with liquid for drug delivery or diag-
nostic sampling (Bystrova and Luttge 2011). 
Solid ceramic MNs were fabricated by micro-
molding alumina slurry using a PDMS-MN 
mould and ceramic sintering (Donnelly et  al. 

2012; Kim et  al. 2012). Bystrova and Luttge 
(2011) from University of Twente, The 
Netherlands, fabricated ceramic MN by the 
micromachining of the SU-8 (epoxy photoresist)/
Si master, which allows a variety of needles 
geometries such as disc shape. The multiple rep-
lication of the PDMS mould gives a low cost pro-
duction mould, which can be reused for ceramic 
MNs fabrication (Bystrova and Luttge 2011).

Ceramic MNs have also been lithographically 
fabricated using a two-photon-induced polymeri-
sation approach. An intense laser was scanned 
within a photosensitive polymer–ceramic hybrid 
resin using a galvano scanner and a microposi-
tioning system to induce polymerisation locally 
in the shape of the MN (Bystrova and Luttge 
2011; Kim et al. 2012).

19.3.1.4	 �Coated Solid MNs
The micron lengths of needles enforce special 
coating formulation to obtain uniform coatings 
and spatial control over the region of the MN to 
be coated. Because of the effects of surface ten-
sion, capillarity and viscous forces become more 
prominent at these small length scales. Therefore, 
coating drug formulation onto solid MN should 
be composed of surfactants to facilitate wetting 
and spreading of drug solution on the MN surface 
during the coating process, viscosity enhancers to 
increase coating thickness and stabilising agent 
to protect and stabilise biomolecules during dry-
ing and storage (Choi et  al. 2012; Gill and 
Prausnitz 2007). In addition, coating solution 
excipients and solvent should be safe for human 
use, and the coating method should be compati-
ble with manufacturing processes and not 
damage-coated drugs.

In 2012, Peters and colleagues from Zosano 
Pharma, Inc. California, USA, demonstrated for 
the first time that erythropoietin Alfa (EPO) can 
be formulated at high concentration and coated 
onto a MN patch without loss of efficacy or for-
mation of insoluble aggregates. In this study, 
titanium MN arrays were made by a photo/
chemical etching, and the drug formulation 
which was 15 % w/w EPO, 15 % w/w sucrose 
and 0.2 % w/w polysorbate 20 coated on the MN 
array, spins at 50 rpm, in a drug formulation res-
ervoir (2 ml in volume) to produce a thin film of 
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drug with controlled thickness of ~100 μm. The 
tips of needles are dipped into the thin film and 
the coating per area adjusted by the number of 
dips. The time between each dip coating was less 
than 5 s, which was enough to allow the dryness 
of the coating. The dose per patch was also opti-
mised by the MN array area (from 0.3 to 3 cm2) 
(Peters et al. 2012). DeMuth et al. (2010) fabri-
cated multilayer-coated MN, which achieves 
transcutaneous delivery of plasmid DNA to the 
epidermis. Plasmid DNA was delivered to the 
skin by MN application to achieve co-localiza-
tion with Langerhans dendritic cells (DeMuth 
et al. 2010)

19.3.1.5	 �Hollow-Type MNs
Hollow MNs (HMNs) are of interest for pharma-
ceutical application because they enable transfer 
of a wide range of molecules transdermally with 
the advantages of hypodermic injection such as 
rapid onset action without the drawbacks (e.g. 
pain, skin reaction). The flow rate can be modu-
lated for a rapid bolus injection, a slow infusion 
or a time-varying delivery rate. HMNs can be 
integrated into a smart biomedical device 
consisting of a biosensor and blood sampling 
and drug delivery systems (Donnelly et al. 2012; 
Kim et  al. 2012; van der Maaden et  al. 2012). 
HMN arrays are also used as minimally invasive 
monitoring devices for biological fluid collec-
tion and assay (when integrated with other 
devices).

HMNs were made of glass; polymer and metal 
have been prepared from substrates by conven-
tional fabrication methods. These needles have 
been produced either from material substrate of 
MEMS directly or from multiple substrates with 
different physicochemical properties to utilise 
as a sacrificial layer and fabricated by differ-
ent techniques including laser micromachining, 
deep reactive ion etching of silicon, an integrated 
lithographic moulding technique, deep X-ray 
photolithography and wet chemical etching and 
microfabrication (Kim et al. 2012).

McAllister et  al. (1999) demonstrated the 
first out-of-plane HMNs. The fabrication was 
combining solid silicon MNs with the BOSCH 
process to form a needle bore, 150  μm long 
HMN and microtubules. McAllister et al. (1999) 

also presented the fabrication of metal HMN 
which was fabricated by electroplating the nee-
dle (lost-mould technique), had a bore opening 
of 10 μm in diameter and penetrated epidermal 
tissue in vitro. Kim et al. (2004) demonstrated 
later the same way to fabricate metal HMN by 
electroplating needles on solid MN arrays made 
of SU-8. The silicon HMN was fabricated by the 
BOSCH process to create hollow shell struc-
tures with high aspect ratio, after which isotro-
pic and wet-etching processes were used to 
obtain sharper tips. To obtain polymer HMN, the 
drilling process to make the bore hole and mill-
ing to create the bevelled tip shape out of poly-
phenylsulfone polymer were utilised (Daugimont 
et al. 2010)

19.4	 �Design of MNs for Minimally 
Invasive Monitoring 
of Biological Samples

Monitoring of analytes in biological fluids repre-
sents an important aspect of modern day health-
care. This may be in the form of drug level 
measurements, as in therapeutic drug monitoring, 
or could involve the monitoring of key biomark-
ers for diagnostic purposes or in the management 
of disease states. Little true progression, how-
ever, has been realised within clinical practice 
with regard to the methods used to extract these 
analytes, and, for most measurements, conven-
tional blood sampling remains routine, despite 
the renowned drawbacks associated with this 
invasive method. For example, hypodermic nee-
dles are associated with risk of needle-stick inju-
ries and cross-contamination, such as 37.6 % of 
hepatitis B infections, 39 % of hepatitis C infec-
tions and 4.4 % HIV/AIDS (human immunodefi-
ciency virus infection/acquired immunodeficiency 
syndrome) infections among world healthcare 
workers (Rapiti et  al. 2005). In addition to the 
health implications, needle-stick injuries also 
represent a significant burden economically, with 
one study estimating an annual cost of £500,000 
per NHS (National Health Service) trust (Ball 
and Pike 2008). Premature neonates, in particu-
lar, can exhibit blood volumes as low as 80 ml/
kg, making blood sampling to any degree far 
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from ideal and frequent sampling increasing the 
risk of anaemia (Koren 1997). From the patient’s 
perspective, minimally invasive sampling offers 
less discomfort and could offer significant bene-
fits for those with needle phobia and low sample 
volumes.

Minimally invasive monitoring methods 
include the use of reverse iontophoresis 
(Leboulanger et al. 2004; Bouissou et al. 2009; 
Ching et al. 2011, Ebah et al. 2012), reverse ion-
tophoresis combined with electroporation (Lee 
et al. 2010), low frequency ultrasound capillary 
microdialysis (Kim et  al. 2008; Nielsen et  al. 
2009) and by pore creation using a near infrared 
laser (Venugopal et al. 2008), to name just a few. 
Interstitial fluid monitoring (ISF) is common 
practice and an alternative technique to blood 
extraction (Liu et  al. 2005, 2007; Wang et  al. 
2005; Sun et al. 2010; Ching et al. 2011). While 
the majority of minimally invasive extraction 
methods remove ISF, MN has been explored for 
both blood and ISF sampling, with some claim-
ing an adaption to either matrix possible. For 
ISF, MN penetration depths of 50–150 μm have 
been reported satisfactory, whereas arrays 
designed for blood extraction should offer much 
larger penetration depths, with values of around 
400 μm (Khanna et al. 2008). Others report pen-
etration values as large as 1  mm (Gardeniers 
et al. 2003) or 1500 μm (Chaudhri et al. 2010), 
as necessary for successful blood withdrawal. A 
penetration depth of 325  μm (Mukerjee et  al. 
2003) is unlikely to guarantee successful blood 
access; however, considering penetration into 
the dermis is required for blood capillary target-
ing, with investigations recording that the epi-
dermis possibly extends as far as 400 μm below 
the skin (Donnelly et al. 2012). Various different 
approaches to monitoring using MN have been 
proposed including the use of HMN arrays for 
fluid collection and analysis, solid arrays for pre-
treatment and subsequent fluid collection, as 
well as integrated options which negate the need 
for fluid removal entirely. Regardless of the 
approach, to represent a valuable alternative to 
current practice, the MN device must be capable 
of successful and reproducible penetration with-
out fracture and enable accurate measurements 
of the target analyte.

19.4.1	 �Considering Fluid Flow in MN 
Fabrication

Adequate fluid sample is necessary for monitor-
ing, and fluid flow between 1 and 100 μl h−1 has 
been reported for fluid collection (Gardeniers 
et al. 2003). Many designs rely on passive extrac-
tion alone, depending on capillary action alone, to 
generate fluid flow. One such design proposed uses 
a bi-mask process to achieve sharp tips, a cylindri-
cal body and side ports to minimise blockage of 
the hollow MNs and suggested for use in either 
drug delivery or microbiological sampling (Zhang 
and Jullien 2003). The authors recommended that 
this design is easily fabricated to provide a high 
needle density and offers a low flow resistance and 
good structural strength. In a paper that follows, 
they describe this design further and investigate 
the performance (Zhang and Jullien 2005). Where 
the needles, fabricated using silicon dioxide, were 
capable of human skin penetration without break-
age, but passive liquid extraction was only dem-
onstrated in a potato sample. Another early study 
describing a system amenable to both ISF and 
whole blood used a HMN array with integrated 
fluidic microchannels, fabricated using silicon 
and glass and conducted preliminary tests on the 
ear lobe of one human volunteer (Mukerjee et al. 
2004). The authors outline three needle tip designs 
including a ‘volcano-like design’, a ‘micro-hypo-
dermic’ design and a ‘snake-fang’ design shown 
in Fig. 19.4. A common issue with hollow designs 
is the potential for blockage, and the first two 
listed here exhibited this issue. The third, ‘snake-
fang’, design was thus reported superior since it 
was found less susceptible to this difficulty, with 
the bore here placed 25 μm off centre. The fluid 
capture from the ear lobe by capillary action was 
described, but penetration testing conducted on 
the first knuckle of the thumb with the conclu-
sion that a 1.5 N ± 0.25 N force was required for 
penetration. The risk of glass becoming embed-
ded within the skin represented a major drawback 
with this design.

Other works have focussed more on the theo-
retical considerations behind fluid flow, driven by 
capillary action, in hollow MNs and the develop-
ment of models and calculations to aid in the 
determination of optimal MN design for optimum 
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fluid flow. Work by one group developed a theo-
retical fluid model to enable interpretation of 
microfluidic properties of Newtonian fluids 
within silicon MN and concluded a faster fluid 
filling when the length width ratio of the micro-
channel was √2 + 1 (Liu et al. 2006).

The employment of arrays with a high-needle 
density has been suggested a possible means to 
enable sufficient rates of flow, with the use of 
out-of-plane arrays recommended most appropri-
ate for achieving such specifications (Gardeniers 
et al. 2003). Contrasting this, others discuss the 
need for more active extraction methods to ensure 
adequate fluid collection rather than reliance of 
capillary force alone. The use of vacuum force to 
assist with fluid withdrawal has been described 
(Tsuchiya et  al. 2010), as well as more novel 
approach such as exploitation of the phase transi-
tion of a gel to power sample extraction. The lat-
ter approach was first documented in the literature 
using poly(N-isopropylacrylamide) integration 
within a microsystem intended for glucose sens-
ing (Kobayashi and Suzuki 2001). The volume 
change exhibited by the gel in response to a vari-
ation in temperature was utilised in this study to 
power a micropump for fluid extraction, with the 
ultimate aim of achieving spontaneous sampling 
in response to the temperature of human skin. 
While successful sampling of a glucose solution 
was achieved through a 50  μm diameter MN 
using this concept, flow was only unidirectional 
and, in response to temperatures, shifts between 
30 and 40  °C and, thus, was not relevant for 
human body temperature. Work to instigate sam-
pling at the more relevant temperatures (30–

37  °C) was subsequently carried out (Suzuki 
et al. 2002). The improved design incorporated a 
silicon membrane to enable repeated gel use as a 
result of its elastic force. By shifting the system 
between hotplates maintained at 30 °C and 37 °C, 
volume changes were found to occur within less 
than 1 min, and 90 % response time of the sensor 
reported to range between 30 and 40 s. This mod-
ified system could also successfully achieve bidi-
rectional flow; however, the use of nonideal 
materials, such as silicon, for MN fabrication is 
again declared a challenge by the authors. Further 
work by this group then explored the possibility 
of continuous monitoring adopting this approach. 
Adjustment of pH, in addition to temperature, to 
induce the volume change was used. This study 
also explored the use of an enzyme-loaded gel to 
elongate the time for volume reduction even fur-
ther (Suzuki et  al. 2004). Using this combined 
approach of pH and temperature-induced 
changes, the time for sampling was prolonged, 
while the use of the enzyme-loaded gel provided 
opportunity for further adjustment. The work 
also demonstrated continuous glucose sampling 
using an external glucose sample solution.

19.4.2	 �Inspiration of Female 
Mosquito’s Proboscis in MN 
Fabrication

Many within the field have used the female mos-
quito as an inspiration for their designs 
(Fig.  19.5). The proboscis of the female mos-
quito has been recognised as an ideal model for 

a b c

Fig. 19.4  Scanning electron micrographs (SEMs) of (a) ‘volcano’ microneedle design, (b) ‘hypodermic’ microneedle 
design and (c) ‘snake fang’ microneedle design (Reprinted with permission from Elsevier, from Mukerjee et al. 2004)
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achieving painless penetration of the skin, given 
their approach to feeding and, thus, has been 
examined by those wishing to exploit nature’s 
design (Kong and Wu 2010; Ramasubramanian 
et  al. 2008). Painless skin penetration by the 
mosquito has been noted to be achieved at an 
extremely low force, estimated around 16.5 μN, 
with the efficient design remaining resistant to 
buckling or fracture (Kong and Wu 2010). Such 
properties have been recognised critical in MN 
design, and close imitation of the female mos-
quitoes’ feeding mechanism recognised a means 
towards optimisation (Ramasubramanian et  al. 
2008). One blood collection system proposed to 
mimic the mosquito focussed on achieving a 
jagged shape to the HMN through the use of wet 
etching to form a jagged groove on the silicon 
(Oka et al. 2002). Successful penetration with-
out breakage was demonstrated in this work 
through hard silicon rubber, and the system 
claimed impervious to leakage after testing 
using a commercial pump and liquid ink. 
However, the fabrication process suggested 
failed to result in an accurate jagged shape 
across the entire MN length. Another mosquito-
inspired system for the purposes of blood 
extraction, as well as for drug delivery, used 
SU-8 to produce cylindrical HMN with a height 
of 1540 μm, wall thickness of 15 μm and inner 
diameter of 100 μm (Chaudhri et al. 2010). The 
authors noted lower wall thickness and heights 

larger than 800  μm of insufficient strength to 
endure the development process. Based on theo-
retical calculations derived from fundamental 
mechanical engineering principles, the MNs 
proposed are claimed unlikely to succumb to 
buckling upon skin penetration. A desire to 
emulate the high aspect ratio possessed by the 
target species (~400) was discussed, and a value 
of 103 was achieved. While fabrication is out-
lined in detail, tests on mechanical strength or 
functionality were not presented. A further 
study attempting to emulate the female mos-
quito instead demonstrated the use of titanium 
alloys for MN fabrication via a thin film deposi-
tion process (Tsuchiya et  al. 2010). To allow 
close imitation of the labium, MN inner diame-
ters of 100 μm or less were selected, while MN 
height was fixed at 4 mm. The design also incor-
porated a vacuum to facilitate blood extraction, 
aiming for an extraction speed of 5 μl/s. The use 
of titanium was found to alter the surface prop-
erties of the MN, resulting in an accelerated 
extraction time in comparison to stainless steel, 
but both materials fell short of the aim when the 
inner diameter was 50 μm. MN inner diameter 
was thus proven a critical determinant of blood 
extraction Speed Sand. An inner diameter of 
100 μm for titanium MN deemed sufficient for 
blood glucose determination with a commercial 
glucose monitor. This study also found MN 
length and shape pivotal to flow rate.

Fig. 19.5  SEM micrographs of mosquito head and proboscis, the inset shows the magnified view of fascicle tip with 
labella retracted (Reprinted with permission from Taylor & Francis, from Ramasubramanian et al. 2008)
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19.4.3	 �Differential Strategies 
for MN-Based Fluid Extraction

While much work in the area of MN-mediated 
monitoring has focussed on the development of 
HMN for fluid collection, alternative approaches 
have also been explored. One group suggested a 
novel array to remove the use of conventional 
holes altogether but instead developed MNs with 
quadruped grooves for blood storage following 
capillary force extraction (Khumpuang et  al. 
2004). This interesting suggestion used a bio-
compatible material, polymethacrylate (PMMA), 
for MN fabrication by a novel technique, plain 
pattern to cross section. Penetration of this array 
into chicken meat was confirmed using a liquid 
with similar viscosity to the blood (aniline blue). 
However, they failed to successfully demonstrate 
fluid flow along the grooves with this approach.

Another approach described used a combina-
tion design based on both hollow and solid sili-
con MN for ISF extraction (Mukerjee et  al. 
2003). This strategy used HMN for fluid flow in 
the centre only, which was designed with a bev-
elled tip to impede pore blockage. The incorpora-
tion of an outer border of solid needles functioned 
to stretch the skin to facilitate successful penetra-
tion. Human skin penetration of this device was 
demonstrated using an in  vivo confocal micro-
scope, with some MN tip breakage identified. 
Such events are clearly not ideal, particularly 
when dealing with materials with poor biocom-
patibility. Application to the human ear lobe 
resulted in flow through the 80 μm-wide chan-
nels, which was assumed to be ISF.

A two-stage approach to sample extraction 
has also been explored, using solid MN for skin 
pretreatment with subsequent fluid extraction, 
using vacuum force (Wang et  al. 2005). This 
study used glass MN for ISF extraction for subse-
quent glucose analysis, with insertion achieved 
using a vibration technique and involved both 
animal (rats) and human subjects. The vacuum 
was applied for 2–10 min and 5–10 min on rats 
and humans, respectively. In human volunteers, 
volumes of 1–10  μl were extracted from skin 
with an area of 1  cm−2 that contained 7–10 
MN-created conduits. The vacuum procedure 

was reported to cause erythema in human sub-
jects, but the overall procedure defined as rela-
tively painless. ISF glucose measurements 
obtained using this design were found propor-
tional to that of the blood. However the need for 
a calibration factor using blood was an obvious 
flaw for this system. Importantly, these authors 
showed detection of rapidly changing blood glu-
cose levels without any associated time lag using 
this technique; an issue previously alluded to for 
other minimally invasive monitoring work (Potts 
et al. 2002; Sieg et al. 2004). In the work that fol-
lowed, this group attempted to examine the accu-
racy of electrochemical monitors for glucose 
measurement by comparison with a gas 
chromatography-mass spectrometry method for 
the different matrices, blood and ISF, with the 
conclusion that the use of ISF results in a bias 
which must be accounted for (Vesper et al. 2006).

Sato et al. 2011 used a similar approach by 
using polycarbonate MN arrays (305 MN arrays 
per 50 mm2 area), with a length of 300 μm. In 
contrast to the vacuum approach outlined by 
Wang et al. (2005), a reservoir was used for ISF 
collection by passive diffusion and osmotic 
pressure only, allowing for sodium to be used as 
an internal standard. Two reservoir designs were 
proposed: the first was a plastic chamber con-
taining 1.2 % KCl (potassium chloride) solu-
tion, the second a hydrogel patch consisting of 
polyvinyl alcohol with 2 % KCl solvent and 
adhesive tape. Interstitial glucose measurements 
were found to be in close correlation with blood 
measurements, but this was only based on data 
from healthy volunteers alone, thus exhibiting 
minimal glucose fluctuations, rather than for a 
more representative diabetic population. 
Furthermore, a recent patent has also outlined 
the possible use of this two-stage approach for 
extraction in a design which claims flexibility 
to, not only blood and ISF collection but also 
other bodily fluids, including saliva, tears, 
lymph and urine, for analytical evaluation 
(Brancazio 2012). Again, the designs outlined 
here incorporated vacuums or chambers to 
ensure pressures lower than atmospheric to 
facilitate fluid flow rather than placing sole reli-
ance on passive mechanisms.
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19.4.4	 �MN-Based Integrated Sample 
Extraction and Monitoring 
Devices

The development of integrated systems which 
negates the formal extraction of fluid and instead 
relies on the use of integrated sensors has also 
been explored. Analyte detection for 
MN-mediated monitoring can therefore be on-
site with the incorporation of integrated sensors, 
as well as off-site using fluid extracted for subse-
quent analysis. In the case of the former, sensor 
development and optimisation have been critical 
aspects of design progressions to date for a 
complete optimised integrated system. One sys-
tem to allow easy integration with a PDMS bio-
chip involved the first single-crystal-silicon MN 
array fabricated in the plane of the substrate (Paik 
et al. 2003). The extraction fluid of interest in this 
design was blood, using MN with lengths around 
2 mm and microchannel diameters around 20 μm. 
Fluid flow in vitro and in vivo, with successful 
penetration into the tail vein of a mouse, was 
demonstrated. In a paper that followed, penetra-
tion was tested using agarose gel, chicken breast, 
rat-tail vein and rabbit ear, and fluid flow con-
firmed using agarose gel and chicken breast (Paik 
et al. 2004). The authors outline optimisation of 
the design, highlighting the need to balance 
sharpness with mechanical strength, and propose 
a tip taper angle of 30 °C to be superior, produc-
ing a 6.28 N buckling load enabling penetration 
without breakage. However, the actual function-
ing of the integrated biochip was not addressed.

A group in The Netherlands proposed a com-
bination of anisotropic wet-etching and DRIE 
process to produce an out of plane silicon hollow 
MN array, with flow channels positioned off cen-
tre to avoid blockage (Gardeniers et  al. 2003). 
Subsequent works have also adopted this strategy 
in an attempt to avert this issue (Luttge et  al. 
2007; Bodhale et al. 2010). The triangular tipped 
MN produced had a height of only 350 μm and 
maximum channel width of 70 μm. As already 
discussed, such heights seem insufficient for suc-
cessful blood withdrawal, thus outlining the fab-
rication approach as possibly unfit for purpose. 
The diagnostic capabilities of the device were 

thus examined using blood collected with a 
1.8 mm lancet. Compatibility of the array with a 
capillary electrophoresis chip was demonstrated 
using 30 μl of the collected blood, but inaccura-
cies compared to expected blood concentrations 
were evident. In the work that followed, water 
was used to fill the volume between the chip and 
the sampler, resulting in the successful demon-
stration of potassium, sodium, magnesium and 
lithium measurements (Vrouwe and Luttge 
2005). However, this was again based only on a 
model for the MN system, composed of a capil-
lary electrophoresis (CE) chip and sample collec-
tor, and failed to demonstrate actual MN blood 
extraction. The same group later suggested the 
use of SU-8 as a material for HMN fabrication, 
improving biocompatibility, and outlined novel 
fabrication methods to produce this polymeric 
MN patch, achieving needle heights ≥ 500  μm 
(Luttge et al. 2007). They suggest that this device 
enables blood collection for analysis off-site, as 
well as again describing integration with a CE 
chip. Only preliminary results were presented to 
show the capabilities of the device in blood diag-
nostics, proving the device suitable for sample 
transfer, such as to a CE chip, so facilitating the 
analysis of inorganic ions in the blood.

Another integrated system for sampling and 
glucose sensing was suggested using in-plane 
silicon HMN and gold microelectrodes (Liu et al. 
2005). Here a unique approach was taken to glu-
cose sensing, using electrochemical detection, as 
well as a novel technique for enzyme immobili-
sation, relying on capillary force to immobilise 
the enzymes on the microelectrode surface. The 
sensor showed good linearity for glucose in the 
concentration ranged 0–500  mg/dl when tested 
using standard solutions. Enzyme immobilisation 
was also a key component in the system described 
by Goud et al. (2007), consisting of a novel bio-
sensor integrated with microfluidic channels and 
MN fabricated using Ormocer®, an organically 
modified ceramic material for glucose monitor-
ing (Goud et  al. 2007) This design, unlike that 
proposed by Liu et al. (2005), offered the advan-
tage of MN fabricated using a material described 
to be biologically inert and nontoxic, i.e. 
Ormocer®. The biosensor used here incorporates 
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electrodes, developed from carbon nanotubes and 
glassy carbon, alongside the enzyme, glucose 
oxidase, encapsulated within a zirconia/nafion 
matrix to offer improved sensitivity and specific-
ity. This system displayed prompt glucose detec-
tion, using standard glucose solutions, signifying 
its potential value in glucose monitoring applica-
tions. In both instances, however, extensive eval-
uation of the integrated functioning of the entire 
system failed to be conducted.

The exploitation of enzyme-mediated biolu-
minescent reactions for detection has also been 
outlined as part of an autonomous MN system. 
This system consisted of a MN array with an 
associated reaction chamber and photodetector 
(Chandrasekaran et al. 2003). With this approach, 
metabolite concentrations are determined by cou-
pling reactions with other enzyme-linked reac-
tions that produce light emission. Light emitted 
can then be subsequently measured. In this study, 
the production of ATP (adenosine triphosphate) 
during glucose consumption was exploited, since 
the enzyme-catalysed process of luciferin oxida-
tion uses ATP and results in bioluminescence. 
Subsequent measurement of light intensity was 
thus related to glucose concentration. The use of 
ATP in many biochemical reactions broadens the 
potential applications of this design. The hollow 
metal MN integrated within the system demon-
strated successful fluid flow (1000–4000 μL hr−1) 
without leakage, with a 1500 μm shaft length and 
4.1 mm lumen length. The novel photodetection 
approach was illustrated as feasible with the sen-
sor characterised within the range relevant to glu-
cose detection (2.0–7.0 mM of ATP). However, 
the performance of this device was limited by a 
decreased light intensity.

A different integrated design focussed on 
arrays composed of gold-coated silicon with a 
hetero-bifunctional poly(ethylene glycol) coated 
to its surface for protein biomarker capture 
(Corrie et  al. 2010). The surface modifications 
were designed to enable selective detection of 
AF-IgG (Alexa Fluor–labelled-Immunoglobulin 
G), which was tested using a 10 % mouse serum. 
Application to mouse ear skin in this study illus-
trated the device capable of selective biomarker 
capture and the ease of removal for subsequent 

analysis. As with many of the designs suggested, 
various modifications are essential prior to opti-
mal human targeting, such as ensuring an ade-
quate penetration depth and biocompatibility 
considerations, to name but a few.

A similar approach has also been outlined for 
hydrogen peroxide and lactate detection using an 
array of HMN with integrated carbon paste elec-
trodes (Windmiller et  al. 2011a). In this case a 
biocompatible polymer was used to produce MN 
with a height of 1500 μm and a vertical central 
bore of 425 μm. In vitro studies performed indi-
cated the selectivity and sensitivity of this sensor, 
which demonstrated stability over the time period 
(2 h). This group have also proposed a different 
design to remove the need for fluid extraction for 
glutamate oxidase and glucose detection, with a 
view towards their continuous monitoring 
(Windmiller et al. 2011b). This design incorpo-
rates both hollow and solid MN, using the same 
polymer during fabrication, to form a single array 
with multiple microcavities, in which the detec-
tion enzymes, glutamate oxidase and glucose 
oxidase, are entrapped within a thin film of 
poly(o-phenylenediamine) (PPD) to minimise 
interference. High sensitivity and fast detection 
within clinically relevant ranges were shown for 
this biosensor using both a buffer matrix and 
human serum. A different paper also focuses on 
the use of an integrated design incorporating 
solid MN, which themselves act as the sensor 
surface for glucose and lactate detection 
(Trzebinski et  al. 2012). These were developed 
using SU-8 coated with gold and then an enzyme 
layer before being surrounded in a protective 
epoxy-PU membrane. Stability of this device was 
claimed for the 48 h period. Again glucose detec-
tion within the clinically relevant ranges was 
demonstrated for this device, and the concurrent 
detection of both glucose and lactate suggested a 
possibility.

With an aim of cost reduction, other research-
ers have proposed a micro-valve for fluid extrac-
tion, which is intended for integration within a 
MN array and biosensing system (Moreno et al. 
2008; Moreno et  al. 2009). By removing the 
standard need of high energy for valve operation 
and through use of low-cost polymers, which are 
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easily fabricated, a cost reduction for this 
approach was intended. The valve design 
employs two chambers with varied pressures 
separated by a SU-8 wall and undergoes both 
thermal and mechanical activation. A gold wire, 
bonded to a copper line on a PCB substrate, 
crosses the wall and functions to collapse the 
wall via thermal destruction upon current flow. 
Different pressures between the chambers will 
also facilitate this destruction. Miniaturisation of 
this system has yet to be demonstrated, however, 
as well as the actual sensing functionalities for 
biomedical monitoring purposes.

With biosensors clearly at the forefront of 
monitoring using a MN array-based approach, 
consideration has also been given to prolonging 
sensor lifetime. The destruction proteins that can 
impart on enzyme-based sensors have been 
addressed with suggestions made to exclude 
large molecular weight compounds and, thus, 
prolong enzyme-based biosensor lifetime. One 
approach in an attempt to achieve this aim 
involved the integration of a dialysis membrane 
within the monitoring device (Zahn et al. 2000). 
Two designs based on silicon MN for ISF extrac-
tion were suggested. Firstly, the use of a diffusion 
membrane of layered polysilicon on either side 
of a thin thermally grown oxide of approximately 
10–50  μm with etch holes was described. The 
second design was based on a permeable polysili-
con. It is concluded within this work that the lat-
ter design should offer superiority in terms of 
mass transfer rates, as well as filtration capabili-
ties. In the work that follows, this group go fur-
ther with this concept in the design of MN-based 
glucose monitoring system, with the addition of 
an integrated glucose sensor (Zimmermann et al. 
2003). In this design, ISF flows through the out-
of plane MN (200  μm length) before passing 
through a porous polysilicon dialysis membrane, 
thus excluding larger proteins before coming in 
contact with the sensor for detection. This in-
device glucose sensor had a suggested optimum 
flow rate of 25 μl min−1, and response linearity 
was illustrated for glucose concentrations in the 
region of 0–160 mg dl−1. While the capabilities 
for ISF sampling and glucose sensing with the 
integrated device are demonstrated, the use of 

only eight MN proved insufficient for a signifi-
cant sensor response, relying on capillary action 
and evaporation alone for fluid extraction. An 
increased array density was, however, proposed 
as a solution. Work with this design is further 
explained within a later work; however, results 
remain preliminary and are largely based upon 
models and estimations (Zahn et al. 2005).

The amalgamation of drug delivery alongside 
the processes of blood extraction, filtration and 
insertion has also been described for a device tar-
geted for patients with renal disease (Tayyaba et al. 
2011). The electronic component of this system 
includes a microcontroller, which controls trans-
port according to pressure, as determined by the 
flow sensors. Blood extraction with this system is 
achieved using 1700 μm polyglycolic acid (PGA) 
MN with a double radii structure, creating a pres-
sure difference to prevent clogging. Following 
extraction, blood enters a heparin containing mix-
ing chamber before passing through the filtration 
membrane to remove molecules such as urea and 
vancomycin, with high molecular weight mole-
cules. One such molecule, beta-2 microglobulin 
(β2m), requires filtration, however, necessitating 
the inclusion of a β2m absorbent material to ensure 
its removal. The dual lumens were constructed to 
have lengths of 800 and 900 μm with correspond-
ing diameters of 60 and 100 μm. The authors high-
light viscosity as an important determinant of flow 
rate, and, based on a 5 × 5 array, flow rates for ace-
tone, water and blood for the system were defined 
at 1182, 971 and 845 μl min−1, respectively. While 
the proposed system is outlined in terms of fabrica-
tion and theoretically analysed, progression 
towards the demonstration of the integrated sys-
tems actual functionality is needed. Furthermore, 
the advantage of using biocompatible PGA for MN 
within the blood extraction component of this 
device seems degraded by the use of silicon for 
MN within the drug delivery element of the design 
(Tayyaba et al. 2011).

�Conclusion

MNs are gaining significant interest in today’s 
transdermal drug delivery research and devel-
opment, and a wide variety of strategies 
for the microfabrication of MNs has been 
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reported. Originally started with the micro-
fabrication of silicon MNs, the technology 
was later extended towards the microfab-
rication of metal, ceramic, polymeric MN 
arrays. Different microfabrication techniques 
of MN arrays for transdermal drug delivery 
applications have been reported in the lit-
erature. Furthermore, considering the chal-
lenges in management of several chronic 
conditions and equally rise in the need for 
patient’s self-monitoring/self-care are driv-
ing an evolution in the way that healthcare is 
delivered. Therefore, MN devices have also 
been reported to have a significant potential 
for use in noninvasive therapeutic drug/ana-
lyte monitoring, and the possibility for closed 
loop delivery systems may become important 
in moving forward.

The techniques described above provide 
a wide range of possible methodologies in 
the fabrication of micron-sized needles. It 
can be seen that several research groups have 
proposed some interesting ideas of fabrica-
tion using different substrates. For example, 
MEMS-based methods, such as wet/dry etch-
ing, RIE, LPCVD and BOSCH-DRIE, have 
been extensively studied in the fabrication of 
silicon MNs; these methods have proven to 
fabricate a wide variety of MN designs, and 
it has also shown the possibility of integration 
with other micron devises, such as microsen-
sors and micropumps that can provide auto-
mation to the integrated MN device. Based 
on the principles of microfluidics, the integra-
tion of microsensors with patches containing 
hollow silicon MNs, as a single unit, offers 
exciting potential for the production of sys-
tems which release drugs as the need occurs, 
for example, in the management of cardio-
vascular disorder (hypertension) or diabetes. 
On the other hand, silicon is a brittle material 
than metals, but it has shown good penetra-
tion ability into biological tissues. However, 
silicon is nonbiodegradable and non-biocom-
patible in nature and may limit regulatory 
acceptability (silicon is not an FDA-approved 
biomaterial), and in addition manufactur-
ing costs in fabricating such devices are 
relatively high. Conversely, MNs fabricated 

from metals are considerably cheaper and 
stronger (than silicon or polymers), and cer-
tain metals are known to be biocompatible, 
but immunoinflammatory response of soft tis-
sue to metals is of the concern. In contrast, 
biodegradable and biocompatible polymer 
MNs have found various advantages and can 
be fabricated at a relatively lower price than 
silicon or metal by using simple micromold-
ing process. However, some concerns exist 
with the reported methods in the literature 
for the use of polymeric MNs, for example, 
biomolecules can be significantly degraded 
when heated with polymers, the strength of 
polymeric MN is compromised by incorpora-
tion of APIs and that the polymeric MN arrays 
loaded with drug can only deliver approxi-
mately 1 mg of drug.

However, we believe that the increasing 
knowledge in MNs will resolve the above con-
cerns in future investigations. Additionally, 
using a given fabrication technique, an opti-
mised MN design is essential for effective 
transdermal drug delivery. Finally, before 
MNs find widespread usage, researchers must 
perfect the art of fabrication for optimally 
inserting them into the skin and complete the 
integration of MNs into a full diagnostic, 
monitoring or drug delivery system. In fact, a 
number of companies have demonstrated the 
clinical efficacy of MN-based transdermal 
drug delivery, and some are in the process of 
being launched onto the market. Even though 
a completely integrated device for diagnostic, 
monitoring and drug delivery functions would 
be desirable, this technology is at a very early 
stage and requires further developments and 
clinical trials before it can be used by patient 
for self monitoring.
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20.1	 �Introduction

Microneedles are micron-sized structures which 
create microscopic holes in the upper layers of 
the skin, thereby enhancing topical and transder-
mal delivery of therapeutic moieties. Since 
microneedles are minimally invasive, they usu-
ally do not stimulate nerve endings in the dermis, 
thereby offering a pain-free delivery system 
capable of administering small-molecule drugs, 
macromolecules, and vaccines. Based on their 
structural design, microneedles can be broadly 
categorized into solid and hollow microneedles, 
and they can be fabricated from a wide range of 
materials. As indicated by the literature on 
microneedles, a significant amount of data has 
been generated for a variety of microneedles 
from in vitro and in vivo animal studies pertain-
ing to fabrication, characterization of micronee-
dles, and drug/vaccine delivery (Kim et al. 2012; 
Pettis and Harvey 2012; van der Maaden et  al. 
2012; Donnelly et al. 2010; Sachdeva et al. 2011). 
However, certain aspects of microneedle technol-
ogy such as pain associated with microneedles, 
patient and provider perceptions of this technol-
ogy, safety concerns, and the efficacy of this 
technology in humans cannot be determined 
from animal studies. In recent years, several 
human studies and clinical trials have been per-
formed to address these concerns and assess the 
efficacy of microneedles for drug and vaccine 
delivery in humans; these studies are discussed in 
this chapter.

20.2	 �Human Studies to Validate 
Microneedle Performance 
and Safety

20.2.1	 �Microneedle Insertion 
into the Skin

The most important function of microneedles is 
to overcome the barrier imposed by the skin’s 
outermost layer, stratum corneum, thereby facili-
tating the delivery of drugs into the body. This 
requires that microneedles puncture across the 
stratum corneum and into the skin. Many studies 

have shown that successful skin penetration by 
microneedles depends on several factors includ-
ing microneedle geometry, material, applied 
force, and insertion strategy (Davis et  al. 2004; 
Bal et al. 2008; Coulman et al. 2011; Haq et al. 
2009). For example, microneedle geometry is an 
important factor that determines the force 
required for insertion without needle breakage. 
To achieve safe and reliable microneedle inser-
tion, the force inducing mechanical failure of 
microneedles should be much higher than the 
insertion force of microneedles, which mainly 
depends on the tip radius, tip angle, and ratio 
between needle height and base width (Davis 
et al. 2004; Bal et al. 2008). Davis et al. demon-
strated successful insertion of metal hollow 
microneedles in human subjects and indicated 
that the margin of safety (ratio between the frac-
ture and insertion force) could be maximized 
with hollow metal microneedles having a small 
tip radius and a large wall thickness (Davis et al. 
2004). Also, the work done by Bal et  al. sug-
gested that longer and sharp-tipped microneedles 
could make a deeper insertion (Bal et al. 2008), 
and similar results were found in other human 
studies as well (Coulman et al. 2011; Haq et al. 
2009). In general, safe and reliable insertion can 
be achieved by microneedles bearing a small tip 
radius, acute tip angle, and high aspect ratio.

Skin deformation is also a barrier to success-
ful microneedle insertion. Most incomplete inser-
tions due to skin deformation occur when the 
aspect ratio of the microneedles is small or the 
microneedle length is short (Coulman et  al. 
2011). Typically, skin deformation during needle 
insertion could be overcome by increasing the 
needle length, applying higher force/speed dur-
ing insertion, or utilizing especially designed 
applicators that provide constant force and mini-
mize skin deformation (Bal et al. 2008; Coulman 
et al. 2011; Haq et al. 2009; Daddona et al. 2011). 
Since the degree of deformation depends on the 
location on the body, it may be desirable to con-
sider different needle designs and application 
strategies depending on the needle insertion site.

The assessment of skin penetration by 
microneedles can be performed by several meth-
ods. Histological analysis has been widely used 
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for in vitro and in vivo animal studies, but it is 
hard to be applied to human subjects because it 
requires skin excision. Also, it was reported that 
the dimensions of microchannels created by 
microneedles may be overestimated when visu-
alized by histological techniques (Coulman 
et al. 2011).

Dye staining and electrical resistance mea-
surements can indicate the disruption of the 
stratum corneum in vivo (Davis et al. 2004; Haq 
et  al. 2009; Wermeling et  al. 2008). In dye-
staining studies, when the site porated with 
microneedles is stained with a dye such as meth-
ylene blue or gentian violet, only the disrupted 
areas of the stratum corneum are stained, 
thereby aiding in visualization of the created 
microchannels. Upon poration, the electrical 
resistance of the skin drops rapidly, and there-
fore these measurements can also be used to 
confirm successful barrier disruption. These 
methods, however, do not provide information 
about the three-dimensional penetration profile 
created by microneedles.

Transepidermal water loss (TEWL) measure-
ments have also been used to evaluate the level of 
skin disruption (Bal et al. 2008; Haq et al. 2009). 
This method has been used in the cosmetics and 
dermatology industry to determine changes in 
skin barrier properties. Although TEWL mea-
surement only provides the degree of skin dam-
age in a qualitative manner, it is a useful tool to 
investigate the effect of microneedle geometries 
on skin disruption and resealing. Studies on 
human subjects have demonstrated that TEWL 
values dramatically increase upon microneedle 
insertion, and the highest TEWL values were 
obtained with longer needles and multiple treat-
ments, indicating greater barrier disruption (Bal 
et al. 2008; Haq et al. 2009).

Recently, optical coherence tomography 
(OCT) has become an attractive way to investi-
gate structural and biomechanical features of 
the skin. OCT is a noninvasive interferometric 
technique utilizing local optical backscatter for 
imaging and has been widely used in ophthal-
mology. Microchannels created by micronee-
dles were successfully visualized using OCT, 
and the penetration depths ranged between 15 

and 65 % of the full needle length depending on 
the needle geometry, needle arrangement and 
location, and insertion site (Coulman et  al. 
2011; Enfield et  al. 2010), indicating that the 
biomechanical properties of a treatment site 
should be considered for effective skin disrup-
tion. It was also found that the width of the 
microchannel in the stratum corneum layer was 
approximately 50 times smaller than the width 
of the microneedle, thus implying that micronee-
dle insertions are less invasive than predicted by 
histology results (Coulman et al. 2011).

20.2.2	 �Liquid Infusion Via Hollow 
Microneedles

Compared to drug delivery using solid micronee-
dles, successful delivery of liquids via hollow 
microneedles is challenging because success 
relies not only on insertion of microneedles but 
also on issues associated with liquid infusion 
such as flow rate, volume, and leakage. Among 
various factors affecting infusion of liquids, man-
agement of leakage is of critical importance for 
successful liquid infusion using microneedles. To 
minimize leakage during infusion, microneedles 
should be long enough to ensure complete and 
secure insertion. However, the length of the nee-
dle should be short enough for minimizing pain 
associated with needle penetration.

Researchers have demonstrated successful 
liquid delivery into human subjects with 
microneedles varying in lengths from 0.5 to 
3  mm (Laurent et  al. 2007, 2010; van Damme 
et  al. 2009; Gupta et  al. 2011a, b, c). Laurent 
et  al. reported that following infusion with a 
1.5-mm-long, 30-gauge microneedles attached to 
a glass syringe which allows perpendicular inser-
tion into the skin, more than 90 % of the injected 
liquid was deposited in dermal tissue, and a mean 
fluid leakage volume of 2–3  μL was observed 
(Laurent et al. 2007). Van Damme et al. demon-
strated intradermal influenza vaccination using a 
silicon hollow microneedle array (450-μm tall, 1 
x 4 array) (van Damme et  al. 2009), and their 
immunogenicity data suggested that the leakage 
during injection was negligible, although they 
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did not describe the amount of vaccine left on the 
skin surface after injection.

Another source of leakage is the skin itself 
since it provides significant resistance to fluid 
flow. The dermal layer has a limited capacity for 
accommodating fluid, which causes an increase 
of pressure in the dermis during injection. 
Therefore, it is important to understand the rela-
tionship between the accumulated pressure at the 
injection site and injection parameters such as 
flow rate and volume. Gupta et al. demonstrated 
that infusion pressure increased as more saline 
volume was delivered into the dermal layer, and 
the infusion pressure was independent of the 
insertion depth (Gupta et al. 2011a, b, c). They 
performed the experiments with glass hollow 
microneedles of three different lengths (0.5, 
0.75, and 1 mm), and the results indicate that the 
leakage due to backflow could be managed by 
adjusting the flow rate, as long as the micronee-
dles are securely inserted into the skin. 
Interestingly, there was a point where the infu-
sion pressure was stabilized at low flow rate 
(0.1 mL/min). This suggests that there exists a 
steady state where the incoming flow rate is 
equal to the outgoing flow rate from the injection 
site into the body and, further, encourages the 
possibility of microneedle-assisted delivery of 
large liquid volumes over a period of time with-
out increasing infusion pressure.

This study also demonstrated that infusion 
pressure could be lowered by partial micronee-
dle retraction using a custom rotary device, 
which required an infusion pressure less than 
half of that required when using nonretracted 
microneedles. The pressure did not increase sig-
nificantly for the retracted microneedles at larger 
infusion volumes (>0.6  mL). In addition, the 
delivery of a large volume of liquid via micronee-
dles could be facilitated by the use of hyaluroni-
dase, which is an enzyme that degrades 
hyaluronic acid in the extracellular matrix of the 
skin, thereby allowing the accommodation of 
additional fluid in the dermis. For small volumes 
(<0.3  mL), however, the pressure required to 
infuse into the skin was not significantly affected 
by microneedle length, flow rate, retraction, and 
the use of hyaluronidase, implying that a secure 

microneedle insertion is the most important fac-
tor for successful liquid infusion using hollow 
microneedles in human subjects.

20.2.3	 �Pain

One of the core advantages of microneedles over 
traditional injections is reduced pain and thereby 
increased patient compliance. Studies by various 
research groups have helped quantify this pain 
reduction and describe the key design factors 
affecting pain.

20.2.3.1	 �Solid Microneedles
The first studies on pain after microneedle applica-
tions were done with solid microneedles. Kaushik 
et al. compared 150-μm-long microneedles in a 20 
× 20 array to a 2-mm, 26-gauge hypodermic nee-
dle (Kaushik et al. 2001). Twelve participants were 
blinded for manual needle insertions, and pain 
scores were recorded. Microneedles resulted in 
significantly less pain, with a median pain score of 
0/100 compared to a score of 23/100 for hypoder-
mic needle. Similar findings were observed by 
Haq et al., where two types of silicon microneedle 
arrays, each containing 36 needles measuring 180- 
or 280-μm long, were compared to a 25-gauge 
hypodermic needle in 13 participants (Haq et al. 
2009). Both microneedle designs were less painful 
than the hypodermic needle. The 280-μm-long 
microneedles were considered less painful than 
the 180-μm-long microneedles, but the investiga-
tors intentionally applied more force when admin-
istering the shorter microneedles in order to ensure 
complete insertion.

Pain associated with various microneedle 
designs was investigated by Bal et al. in 18 par-
ticipants (Bal et al. 2008). Microneedle patches 
with 16 microneedles, varying in length from 200 
to 550 μm, were compared; no hypodermic nee-
dle was used for comparison. There was no sig-
nificant difference in pain between the different 
microneedle designs, although the 550-μm-long 
microneedles had the highest median and maxi-
mum pain scores.

In a more detailed study, Gill et  al. investi-
gated various microneedle designs to determine 
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which design factors affected pain (Gill et  al. 
2008). In this double-blinded study, 10 partici-
pants rated the pain of insertion associated with 
microneedles with lengths from 480 to 1450 μm, 
widths from 160 to 465 μm, thicknesses from 30 
to 100 μm, tip angles from 20° to 90°, and array 
sizes from 1 to 50 microneedles. All microneedle 
designs tested were significantly less painful than 
a 26-gauge hypodermic needle, and microneedle 
length had the most significant effect on pain, fol-
lowed by needle density, while width, thickness, 
and tip angle did not affect pain significantly over 
the range of parameters studied.

The primary takeaway message from these 
studies is that solid microneedle insertions uni-
versally result in less pain compared to hypoder-
mic needles. Microneedle length is the primary 
factor affecting microneedle pain, but significant 
differences in pain among the various designs 
investigated did not appear until microneedle 
length approached 1 mm.

20.2.3.2	 �Hollow Microneedles
The use of hollow microneedles is mainly depen-
dent on microneedle design and fluid flow param-
eters, which in turn affect pain associated with 
this mode of application. Gupta et al. investigated 
the effect of microneedle length, infusion vol-
ume, flow rate, needle retraction, and additional 
use of hyaluronidase on pain levels during infu-
sion of saline in ten participants (Gupta et  al. 
2011a). Microneedle insertions were signifi-
cantly less painful than hypodermic needle inser-
tions regardless of length. Microneedle lengths 
from 500 to 1000 μm did not have a significant 
effect on infusion-related pain, except at a large 
infusion volume of 1.0 mL, where longer needles 
were reported to be more painful. Increasing the 
infusion volume also increased pain, while the 
flow rate did not affect pain significantly except 
at an infusion volume of 1.0  mL for which a 
sharp piercing pain was sometimes reported. 
Partial retraction of the microneedle prior to infu-
sion was investigated to reduce infusion pressure 
by relieving tissue compaction caused by 
microneedle insertion. Partial retraction signifi-
cantly reduced infusion pressure, but also signifi-
cantly increased infusion pain, possibly related to 

increased fluid-mechanical micro-damage to the 
tissue due to increased fluid flow. Incorporation 
of hyaluronidase into the injection formulation 
significantly reduced pain for an infusion volume 
of 1.0 mL. Overall, when compared to intrader-
mal infusion with a 26-gauge needle, micronee-
dle infusions generally required greater pressure 
but caused less pain.

In another study with 645 participants, Laurent 
e t al. compared the pain associated with needle 
insertion and saline infusion for microneedle 
application (1.5-mm microneedle applied to the 
deltoid) versus the standard Mantoux technique 
for intradermal delivery (26-gauge, 3/8″ needle) 
(Laurent et al. 2007). Microneedle insertion was 
reported as pain-free for all participants; how-
ever, a faint burning-like sensation was some-
times reported during saline infusion. At least 
three additional studies have been reported that 
indicate hollow microneedle insertions as signifi-
cantly less painful than hypodermic needle inser-
tions (van Damme et  al. 2009; Gupta et  al. 
2011a, c). For infusion of drugs through hollow 
microneedles, some studies have reported equal 
or greater VAS pain scores with the hollow 
microneedles compared to hypodermic needles 
(van Damme et  al. 2009; Gupta et  al. 2011a; 
Pettis et al. 2011a, b; Durando et al. 2012), while 
others reported significantly less infusion pain 
(Gupta et  al. 2012; Prymula et  al. 2012; Dhont 
et  al. 2012), which probably depends on the 
degree of tissue deformation and micro-damage 
caused by different needle geometries and injec-
tion protocols.

Overall, insertion of solid and hollow 
microneedles can be done painlessly, but pain 
associated with infusion through hollow 
microneedles is variable and remains a potential 
source of discomfort for patients.

20.2.4	 �Safety

Microneedles have been shown to enhance the 
delivery of a wide range of molecules into the 
skin, including small molecules, peptides, 
vaccines, and plasmid DNA (Donnelly et  al. 
2010). However, in order to be clinically feasible 
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as a drug delivery technique, it is important that 
microneedle treatment is both well tolerated by 
patients and safe with regard to any potential 
local skin irritation and systemic effects.

Skin irritation is defined as a nonimmunologi-
cal local inflammatory reaction that is usually 
reversible and can lead to erythema and edema 
(Bal et al. 2008). Cytokines from epidermal cells 
play an important role in skin inflammatory pro-
cesses, and keratinocytes, which comprise 95 % 
of the epidermal cells, produce a variety of cyto-
kines in response to barrier disruption (Williams 
et  al. 1996). Therefore, physical barrier disrup-
tion by microneedles may also potentially induce 
an inflammatory reaction. The degree of skin irri-
tation can be assessed by various noninvasive 
biophysical techniques including visual inspec-
tion of skin color (Gill et al. 2008; Van Damme 
et al. 2010) and scoring methods, such as chro-
mameter (Noh et al. 2010), laser Doppler imag-
ing (Ansaldi et al. 2012; Corsini et  al. 2000), 
reflectance spectroscopy (Noh et  al. 2010), and 
visual scoring (Van Damme et  al. 2010). There 
are several factors that may potentially affect the 
safety of microneedles, which include the type of 
microneedles (solid or hollow), microneedle 
dimensions (length, width, thickness, tip angle, 
number of needles in an array), and materials the 
microneedles are fabricated from (metal, silicon, 
glass, or biodegradable polymers).

In 2001, Kaushik et  al. carried out the first 
human study with 150-μm-long silicon micronee-
dles in 12 male and female healthy volunteers 
aged 18–40 years (Kaushik et al. 2001). The areas 
of the skin treated with microneedles were visu-
ally inspected post insertions, and neither redness 
nor swelling was observed in all cases, suggesting 
that the microneedle treatment did not cause sig-
nificant tissue damage or irritation. On the other 
hand, hypodermic needle insertions always led to 
appearance of blood at the insertion site.

In another study, skin irritation associated 
with application of solid and hollow metal 
microneedle arrays of various lengths (200, 300, 
400, and 550 μm) was investigated by Bal et al. in 
18 healthy volunteers aged 21–30 years using 
chromameter and laser Doppler imaging methods 
(Bal et al. 2008). The hollow microneedles used 

in that study resulted in less skin irritation com-
pared to the solid microneedles, and the shape 
and length of the microneedles affected the 
degree of irritation. A higher degree of erythema 
and blood flow was observed for 400-μm-long 
microneedles compared to 200-μm-long 
microneedles. However, in all cases, the irritation 
was minimal and lasted less than 2 h.

Gill et  al. investigated the safety of longer 
solid metal microneedles with lengths of 480, 
700, 960, and 1450 μm in human volunteers (Gill 
et  al. 2008). Redness was observed for all 
microneedle insertions, but the erythema 
decreased in 2  h. A tiny droplet of blood was 
observed at the insertion site after some inser-
tions with the 1450-μm-long microneedles, while 
the shorter microneedles did not result in any 
bleeding. There were no signs of edema after all 
microneedle insertions.

The clinical safety of even longer, hollow, 
metal microneedles (1–3-mm long) was also 
evaluated in 66 healthy adult volunteers with ages 
ranging from 18 to 45 years by a visual scoring 
method (Laurent et al. 2010). No serious adverse 
events were reported in the intramuscular injec-
tion and intradermal injection (microneedles; BD 
Soluvia™ Microinjection System) groups. Local 
pain at the injection sites was frequently reported 
in the intramuscular group but never in the intra-
dermal group.

The safety of microneedles fabricated from 
metal (Bal et al. 2008; Gill et al. 2008), silicon 
(van Damme et al. 2009), and glass (Gupta et al. 
2009, 2011a, 2012 ) has also been reported. For 
metal microneedles with heights lower than 
960  μm, no or minimal local irritation was 
observed, which lasted less than 2 h (Bal et  al. 
2008; Gill et al. 2008). Van Damme et al. reported 
that for injection using hollow, silicon micronee-
dles with a height of 450 μm, local reactions at 
the insertion site were frequent among recipients, 
but these reactions were mild and invariably tran-
sient (van Damme et al. 2009). Similar findings 
were observed for injection using hollow, glass 
microneedles (500–900-μm long) as well, where 
very mild erythema or edema was observed in the 
skin, but this irritation did not appear to be asso-
ciated with an inflammatory response (Gupta 
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et al. 2009, 2011a, 2012). In contrast, hypoder-
mic needle insertions led to the presence of a 
drop of blood at the insertion site which was not 
observed for microneedle insertions.

Overall, compared with hypodermic needles, 
the use of microneedles is considered safe, owing 
to their small size and lack of significant damage 
to skin tissue and blood vessels, which means neg-
ligible pain, local irritation, or systemic reactions.

20.2.5	 �Skin Resealing

Following microneedle insertion, the time over 
which the created microchannels remain open is 
critical for optimal drug delivery. Ideally, the 
microchannels should remain open for the entire 
time when the patch or drug formulation is 
applied on the skin and should close soon there-
after to minimize risk of infection.

Skin resealing kinetics in humans was first 
extensively investigated by Gupta et al. using skin 
impedance measurements (Gupta et  al. 2011b). 
Metal microneedles were inserted into the skin, 
and impedance measurements were monitored 
until they reached the baseline values indicating 
complete pore closure. Microchannels closed 
within 2  h of microneedle insertion when the 
treated site was left open to the environment. 
However, when the treated site was occluded, 
pore closure was delayed up to 3–40 h, depend-
ing on the microneedle geometry. Similar findings 
were observed by Wermeling et al. where, under 
occluded conditions, pore closure was reported 
around 30 h post insertion, as indicated by imped-
ance measurements (Wermeling et al. 2008).

The effects of different microneedle lengths 
(500–1500  μm), dimensions (75- vs. 125-μm 
thickness; 200- vs. 500-μm width), and micronee-
dle numbers (10 vs. 50) on pore closure were also 
investigated by Gupta et al. (2011b). The time for 
complete pore closure depended on the length of 
the microneedles, the number of microneedles, 
and the area of poration, which in turn character-
izes the depth of poration and the degree of injury 
to the skin.

The lifetime of the pores and its effect on drug 
delivery was studied by Wermeling et al. (2008). 

In this study, six subjects were pretreated with 
400 metal microneedles (620-μm long) followed 
by application of a naltrexone hydrochloride gel 
patch. Drug levels in the plasma indicated that 
pores were open for at least 48 h, and for 72 h in 
two subjects. Pharmacologically active drug lev-
els were found in the plasma even at 72 h post 
patch placement. However, when skin resealing 
was investigated in another set of ten subjects 
who were treated with microneedles only, skin 
electrical measurements indicated that the pores 
remained open for up to 30  h. Therefore pores 
were open for at least 30  h, and the prolonged 
delivery of naltrexone up to 72 h could, for that 
reason, be attributed to a drug depot formation in 
the skin. This study shows the direct effect of 
pore lifetime on drug delivery.

Pore closure kinetics vary depending on the 
age of the subject. Kelchen et  al. reported the 
micropore closure kinetics in 16 elderly subjects 
compared to control group. Data indicate longer 
time frames are required to restore skin barrier 
function, suggesting a longer window of opportu-
nity for drug delivery in the elderly population 
(Kelchen et al. 2016).

In summary, following poration, pores close 
within a relatively short period of time when left 
open to the environment, thereby reducing risk of 
infection or other side effects. Pore closure can 
further be delayed by introducing occlusive con-
ditions which may be beneficial for delivering 
drugs over extended periods of time. The time 
required for skin resealing is dependent on the 
dimensions, geometry, and number of micronee-
dles applied; the age of the subject; and the 
degree of injury appears to determine the time 
required for complete skin resealing.

20.3	 �Human Studies of Drug 
and Vaccine Delivery

Drug delivery using microneedles can be 
achieved via different application modes. In the 
poke-and-patch approach, drug-free, solid 
microneedles are inserted into the skin creating 
microchannels, followed by application of a drug 
patch or drug formulation on the porated skin 
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site, which then allows diffusion of the drug from 
the patch or formulation into the skin. In the sec-
ond approach, solid microneedles can be coated 
with the drug formulation; once these needles are 
inserted into the skin, the interstitial fluid in the 
skin dissolves the coating, thereby depositing the 
drug directly in the skin. In the third approach, 
the drug can be encapsulated into a biodegrad-
able matrix of dissolving microneedles. Upon 
insertion, these microneedles dissolve, deposit-
ing the drug in the skin. Finally, liquid formula-
tions can be infused into the skin using hollow 
microneedles. The physicochemical properties of 
the drug moiety, duration of delivery (bolus or 
extended periods of time), dosage, and dosing 
regimen are some of the factors that may deter-
mine the best mode of microneedle application.

20.3.1	 �Small Molecules

20.3.1.1	 �Naltrexone
Wermeling et  al. used the microneedle pretreat-
ment approach to investigate systemic delivery of 
naltrexone in a first-in-human proof-of-concept 
study for delivering skin-impermeable hydro-
philic compounds (Wermeling et al. 2008). In this 
study, six healthy volunteers were treated with 
microneedles on the upper arm with 400 solid 
metal microneedles with a length of 620 μm and a 
base width of 160  μm. Following microneedle 
insertion, a patch containing naltrexone hydro-
chloride formulation was applied, and blood sam-
ples were taken at predetermined time points to 
monitor blood plasma levels of the drug. In the 
control group (n =3), where subjects were not pre-
treated with microneedles, delivery from the nal-
trexone patch over a period of 3 days yielded 
undetectable drug plasma levels, while pretreat-
ment of the skin with microneedles resulted in 
steady-state plasma concentrations within 2 h of 
patch application, and the levels were maintained 
for at least 48 h. Transient erythema was observed 
in all cases, which was reported to be an effect of 
the drug formulation itself and not microneedle 
treatment. This study demonstrates the possibility 
of systemic delivery of hydrophilic compounds 
using the microneedle pretreatment approach.

20.3.1.2	 �Methyl Nicotinate
Sivamani et  al. studied the clinical efficacy of 
hollow microneedles for drug delivery using 
methyl nicotinate, which induces vasodilation, as 
a model drug (Sivamani et  al. 2005). Hollow 
metal microneedles with a length of 200 μm and 
a lumen diameter of 40 μm, with asymmetrically 
pointed or symmetric geometries, were inserted 
into the volar arms of 11 healthy volunteers, and 
1 μL of 0.1-M methyl nicotinate was injected into 
the skin. Efficacy of microneedle-mediated deliv-
ery in comparison with topical application of the 
drug was measured by the change in blood flow 
using laser Doppler imaging. For both micronee-
dle geometries, microneedle-mediated delivery 
resulted in a significantly faster increase in blood 
flow than for topical application, indicating that 
microneedles delivered the drug more efficiently 
to cause vasodilation. The pointed microneedles 
resulted in a higher maximum blood flux as com-
pared to the symmetric microneedles, suggesting 
that the geometry of the needles can play a role in 
drug delivery. Microneedle treatment was well 
tolerated by the subjects, who reported a feeling 
of pressure during infusion but no pain.

20.3.1.3	 �Lidocaine and Dyclonine
Microneedle-mediated delivery of lidocaine, a 
local anesthetic, was investigated by Gupta et al. 
(2012). In this randomized, single-blind, within-
subject study, lidocaine was infused into the fore-
arms and dorsal hand sites of 15 healthy 
volunteers using 500-μm-long glass hollow 
microneedles. As a control, subjects also received 
lidocaine via the Mantoux injection method using 
a 26-gauge hypodermic needle. The pain associ-
ated with administration of microneedles and a 
hypodermic needle and the area and depth of 
numbness induced at different time points post 
insertions were measured by visual analog scale 
scoring. Microneedle treatments were reported as 
significantly less painful compared to hypoder-
mic injections at both sites, with 77 % of subjects 
preferring microneedle treatment. Also, 80 % of 
the subjects indicated that microneedle treatment 
was not painful, suggesting better patient compli-
ance with this approach. Both treatment methods 
resulted in a rapid onset of drug action and a similar 
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area and depth of numbness at the different time 
points tested, indicating the efficacy of micronee-
dle-mediated delivery of lidocaine.

Li et al. reported successful delivery of dyclo-
nine, another topical anesthetic agent, using a 
microarray consisting of 400 solid microneedles 
with a length of 70 μm (Li et al. 2010). In this 
randomized, double-blind study, 25 healthy vol-
unteers were treated with the microarray on one 
forearm and a needle-free sham device on the 
other (negative control). A 1 % dyclonine cream 
was applied on the treated sites. The pain associ-
ated with an external stimulus applied at 5-min 
intervals over a period of 1 h was measured by 
visual analog scale scoring. Microneedle pre-
treatment resulted in a faster onset of action, 
thereby reducing the time for pain reduction, and 
it also resulted in a greater degree of pain reduc-
tion compared to the sham control.

20.3.1.4	 �Aminolevulinic Acid 
and Methyl Aminolevulinate

Mikolajewska et  al. studied the combination of 
microneedles and photodynamic therapy for topi-
cal delivery of 5-aminolevulinic acid and methyl 
aminolevulinate, which have been shown to be 
effective for treating superficial basal cell car-
cinoma, actinic keratosis, Bowen’s disease, and 
other dermatoses (Mikolajewska et al. 2010). In 
this study, 14 healthy volunteers were pretreated 
with 600-μm-long polymer microneedles, after 
which 5-aminolevulinic acid and methyl ami-
nolevulinate creams with different concentrations 
of the actives were applied to the site for 4–24 h. 
Microneedle treatment increased the 5-aminolev-
ulinic acid- and methyl aminolevulinate-induced 
protoporphyrin IX production, as indicated by 
increased fluorescence when exposed to red light. 
It was also reported that microneedle pretreat-
ment did not affect pain during light exposure or 
erythema levels.

20.3.2	 �Peptides and Proteins

20.3.2.1	 �Parathyroid Hormone
Parathyroid hormone is a polypeptide that acts 
when calcium levels in blood are low. It increases 

blood calcium levels by bone resorption, 
increases absorption of calcium in the intestine 
and reabsorption of calcium in the kidneys, and 
has an anabolic effect on bone mineral density 
and new bone formation. Current parathyroid 
hormone therapy consists of daily subcutaneous 
injections to ensure bioavailability of parathyroid 
hormone. This frequent dosage regimen can be 
inconvenient for patients, and therefore a 
microneedle patch design consisting of solid 
microneedles coated with parathyroid hormone 
was explored as a more efficient and patient-
friendly administration system.

Cosman et  al. (2010) compared parathyroid 
hormone delivery of coated microneedles with 
subcutaneous injections. A cohort of 165 post-
menopausal women subjects aged 50–81 years 
were administered parathyroid hormone daily for 
6 months. Treatment with parathyroid hormone-
coated microneedles resulted in a faster time to 
peak drug concentration and a shorter half-life 
compared to subcutaneous administration. The 
microneedle approach also resulted in higher 
patient compliance and no prolonged hypercalce-
mia. Daddona et al. (2011) also reported similar 
findings where the Tmax (0.14 h) and mean termi-
nal half-life (0.5 h) were shorter with micronee-
dles than subcutaneous injection (0.4 h and 0.8 h 
for Tmax and half-life, respectively), indicating 
that the absorption from the subcutaneous space 
is rate limiting and therefore determines the ter-
minal decline in plasma concentration. The daily 
treatment of 20 μg of parathyroid hormone with 
coated microneedles for 6 months increased lum-
bar spine and hip bone mineral density compara-
bly to subcutaneous injections with the same 
dose. Increasing the dose to 40 μg of parathyroid 
hormone using coated microneedles increased 
total hip bone mineral density by 1.3 % over sub-
cutaneous injection and placebo.

Several clinical studies (Frolik et  al. 2003; 
Hock et al. 1992; Kitazawa et al. 1991) suggested 
that the rapid onset and offset of parathyroid hor-
mone level may favor anabolic effect rather than 
catabolic effect of parathyroid hormone, indicat-
ing that parathyroid hormone pharmacokinetic 
profile with these features can be critical in mod-
ulating biological effect of parathyroid hormone. 
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A future study is warranted to determine if the 
plasma profile created by a microneedle patch 
can induce greater effect of other anabolic phar-
maceuticals compared to conventional injection.

20.3.2.2	 �Insulin
Diabetic patients with type I or type II diabetes 
mellitus on insulin therapy need to self-
administer insulin on a daily basis by means of 
subcutaneous injections, insulin pens, or cathe-
ters connected to insulin pumps in order to 
maintain appropriate blood glucose levels. This 
mode of administration is associated with poor 
patient compliance due to fear of needles, pain 
associated with injections, and inconvenience, 
which often leads to poor diabetes management. 
Therefore, insulin delivery via other administra-
tion routes and enhancement techniques, includ-
ing microneedles, has been investigated by 
several groups.

Gupta et al. (2009) investigated microneedle-
mediated intradermal injection of Humalog® 
(insulin lispro, Eli Lilly, USA) in two type I dia-
betes subjects, as a first-in-human study. Hollow 
glass microneedles were inserted into the skin at 
various depths ranging from 1 to 5 mm to study 
the effect of insertion depth on insulin delivery. 
Optimal results were observed at an insertion 
depth of 1  mm, as reflected by rapid insulin 
absorption and reduction in glucose levels. This 
data indicates that uptake by the dermal (or pos-
sibly lymphatic) capillaries present in this heav-
ily vascularized region results in faster 
pharmacokinetic and pharmacodynamic profiles 
compared to other microneedle insertion depths. 
Microneedle-mediated bolus insulin delivery (at 
1-mm insertion depth) resulted in a significantly 
higher delivery compared to administration via 
a subcutaneous catheter (at 9-mm depth), sug-
gesting better management of postprandial glu-
cose levels with the microneedle approach. 
Similar results were observed in a follow-up 
study by the same group (Gupta et  al. 2011c), 
where five type I diabetes subjects were admin-
istered bolus doses of lispro insulin using a 
0.9-mm-long hollow glass microneedle and a 
9-mm-long subcutaneous catheter. Microneedle 
delivery resulted in a faster onset of action and a 

more rapid achievement of euglycemia with 
similar relative bioavailability of lispro in the 
two delivery routes.

Pettis et  al. (2011b) also investigated the 
dependence of insulin lispro absorption on the 
insertion depth using hollow metal microneedles. 
A rapid onset of action and a faster offset was 
achieved at insertion depths of 1.25 and 1.5 mm, 
which correspond to the papillary dermal region, 
which is rich in capillary and lymphatic network. 
The relative insulin bioavailability was not sig-
nificantly different between intradermal and sub-
cutaneous routes, although microneedles resulted 
in more rapid effects. The pharmacokinetic and 
pharmacodynamic profiles of microneedles can 
be altered by varying the microneedle length. In 
another study, Pettis et al. (2011a) compared fast-
acting lispro and regular human insulin using 
intradermal (1.5  mm) and subcutaneous route 
(8 mm) in 29 type I diabetes subjects aged 18–55 
years. The best postprandial glucose control was 
found with lispro insulin injected by intradermal 
or subcutaneous routes at 2 min before meal con-
sumption. Regular human insulin (Humulin®, Eli 
Lilly, USA) administered by the subcutaneous 
route had the slowest and most extended absorp-
tion profile compared to all the other dosing 
schemes. Therefore, microneedle-mediated intra-
dermal delivery of lispro and regular human insu-
lin can confer a potential clinical advantage over 
subcutaneous administration with respect to 
rapid postprandial metabolic control.

Overall, microneedle-mediated intradermal 
injection of insulin and its analogs can provide 
rapid absorption kinetics compared to the subcu-
taneous route. This approach has potential in 
replacing the subcutaneous route of administra-
tion, which is the current standard for insulin 
therapy, thereby improving patient compliance 
and diabetes management.

20.3.3	 �Vaccines

The intradermal route for vaccination has been 
explored since the early 1940s with various anti-
gens including influenza, smallpox, diphtheria, 
typhoid, rabies, and hepatitis B, demonstrating 
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effective immunizations. However, due to the 
lack of an appropriate delivery technique, it has 
been difficult to deliver vaccines efficiently and 
in a controlled manner into the intradermal space. 
With the advent of minimally invasive delivery 
systems such as microneedles in recent years, 
intradermal vaccination has been gaining inter-
est, as this route enables delivery of the vaccine 
directly to the dermal and epidermal dendritic 
cells present in the skin, which might result in an 
even better immune response.

20.3.3.1	 �Influenza
Influenza is one of the leading causes of death 
worldwide, with 500,000 deaths occurring every 
year and most deaths occurring among the elderly 
(Thompson et al. 2003). Influenza can be effec-
tively prevented by vaccination. The traditional 
approach to influenza vaccination is an intramus-
cular injection. This mode of administration has 
several disadvantages, such as the need for skilled 
healthcare practitioners to administer the vac-
cine, pain associated with injections, poor patient 
compliance, and risk associated with the need for 
a person to go to a healthcare facility/pharmacy 
to get the vaccine during an epidemic. To over-
come these disadvantages, microneedle-mediated 
influenza vaccination is being actively investi-
gated. The BD Soluvia® Microinjection System 
(Becton Dickinson, USA) was the first micronee-
dle product to be approved in the European Union 
for intradermal influenza vaccination in 2009 and 
has since been approved in other parts of the 
world as well.

Holland et  al. investigated the efficacy of 
microneedle-mediated intradermal injection of 
influenza vaccine compared to the intramuscu-
lar route in the elderly (older than 60 years) 
(Holland et  al. 2008). Subjects were adminis-
tered 15 or 21  μg of hemagglutinin (HA) per 
strain using the BD Microinjection System for 
the intradermal route and 15 μg of antigen per 
strain for the intramuscular route. Intradermal 
delivery resulted in a superior immune response 
compared to the intramuscular vaccination. This 
study indicated that the elderly, the population 
at highest risk and therefore with the greatest 
need for protection, can be effectively vacci-

nated against influenza using microneedles 
without the need for adjuvants.

Arnou et al. also studied intradermal vaccina-
tion in the elderly in a 3-year study with 3707 
subjects aged 60–95 years (Arnou et  al. 2009). 
Subjects were vaccinated with 15 μg of HA per 
strain via intradermal or intramuscular route, and 
four dosing schemes were tested: ID-ID-ID, 
IM-ID-ID, IM-IM-ID, and IM-IM-IM, over three 
consecutive years (ID, intradermal; IM, intra-
muscular). In year 1, intradermal vaccination 
induced significantly higher antibody responses 
and seroconversion rates for all three strains 
compared to intramuscular vaccination. In years 
2 and 3, seroprotection rates were consistently 
higher for intradermal vaccination compared to 
intramuscular vaccination. The delivery route 
used for the first vaccination did not influence 
reactogenicity to intradermal vaccination in the 
subsequent year.

Several clinical studies have also indicated 
that intradermal vaccination with a hollow 
microneedle can result in superior immunoge-
nicity compared to the intramuscular route with 
a lower dose, suggesting dose-sparing effects. 
In a study by Leroux-Roels et al., the seropro-
tection, seroconversion, and geometric mean 
antibody titers were all higher for the intrader-
mal group vaccinated with 9 μg of antigen com-
pared to 15  μg dosing with the conventional 
intramuscular vaccination route (Leroux-Roels 
et  al. 2008). Van Damme et  al. found similar 
results when comparing the immunogenicity 
profiles for vaccinations with 3 and 6 μg of anti-
gen by the intradermal route with that of 15 μg 
of antigen by the intramuscular route (van 
Damme et  al. 2009). Intradermal vaccinations 
were carried out using hollow, silicon micronee-
dles, and the immune responses at both the 
lower doses were similar to that of the full-dose 
(15  μg) intramuscular vaccination, suggesting 
dose-sparing effects. In another study, Beran 
et al. found that intradermal vaccination with 3 
and 6 μg of antigen in 1150 healthy volunteers 
aged 18–57 years was less immunogenic than 
the intramuscular route at 15 μg (Beran et  al. 
2009). However, an intradermal dose of 9  μg 
was comparable to the intramuscular route 
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(15  μg). Similar dose-sparing results were 
reported by Arnou et al. and Hung et al. as well 
(Arnou et al. 2010; Hung et al. 2012).

To investigate the superiority of the intrader-
mal route of vaccination, Morelon et al. studied 
the efficacy of intradermal vaccination in renal 
transplant recipients who have shown a poor 
antibody response to prior intramuscular influ-
enza vaccination (Morelon et  al. 2010). They 
found that the patients vaccinated with 15 μg of 
antigen per strain via the intradermal route 
(n =31) had higher immune responses against 
all three strains than the patients vaccinated via 
intramuscular route (n =31) with the same dose, 
suggesting that the intradermal mode of vacci-
nation enabled by microneedles may have 
added benefits for immunizing renal transplant 
patients.

Ansaldi et al. investigated the efficacy of intra-
dermal vaccination using a hollow microneedle 
against circulating heterologous H3N2 influenza 
strains in subjects aged 60 and above (Ansaldi 
et  al. 2012). After administration of influenza 
vaccine to 50 adults, the intradermal route of 
administration induced higher antibody titers 
than the intramuscular route and conferred a 
broader immunity with a higher cross-reactive 
response.

Overall, influenza vaccination with hollow 
microneedles has shown better efficacy in some 
clinical studies with additional benefits such as 
dose-sparing effects and increased patient accep-
tance, suggesting that the enhanced immunoge-
nicity by intradermal vaccination may be the 
preferred route of administration for the elderly 
and patients with less immunity.

Most recently, a human study was carried out 
using a dissolving microneedle patch to adminis-
ter trivalent influenza vaccine in comparison to 
subcutaneous injection of two vaccine doses 
administered 21 days apart (Hirobe et al. 2015). 
Local reactogenicity in the skin was seen in the 
form of transient erythema, purpura, and pigmen-
tation, but there were no remarkable adverse sys-
temic effects. Immunogenicity was similar in 
microneedle patch and subcutaneous injection 
groups. A phase 1 clinical trial of a different tri-
valent influenza vaccine administered by 

dissolving microneedle patch is also under way 
(Prausnitz et  al. 2016), but results have not yet 
been reported.

20.4	 �Skin Needling Studies

Microneedles have also been used for cosmetic 
needling applications, which have been reported 
to improve skin texture, induce collagen produc-
tion, treat acne-related scars, and hyperpigmenta-
tion. Needling is expected to trigger the release of 
growth factors that stimulate formation of colla-
gen and elastin in the dermis, which helps in col-
lagen induction therapy and healing scars (Aust 
et al. 2008).

Dermaroller (Dermaroller, Fresenheim, 
France) is a widely used microneedle device for 
microneedling cosmetic applications, although 
other companies make similar products. It is a 
handheld device with a roller head consisting of 
solid metal microneedles embedded on its sur-
face. Devices with smaller microneedles are 
available for use at home, while the longer 
microneedles require a visit to a doctor’s clinic. 
This device is indicated for collagen induction 
therapy and scar treatment.

In a recent study, 36 subjects with atrophic 
facial scarring were subjected to multiple 
microneedling sessions with a Dermaroller con-
sisting of 1.5-mm-long microneedles (Majid 
2009). Following treatment, the majority of the 
subjects observed a reduction in the severity of 
scarring, with 80 % of the subjects assessing their 
treatment as “excellent.” Fabbrocini et al. found 
similar results in a study with 32 patients with 
rolling acne scars (Fabbrocini et  al. 2009). 
Subjects were treated with Acnomega 100 
(Merck, Switzerland), a topical product contain-
ing alpha and omega hydroxy acids, enoxolone, 
and zinc, for 3 weeks followed by treatment with 
a Dermaroller consisting of 1.5-mm-long 
microneedles. The Dermaroller was passed on 
the skin four times in four different directions to 
ensure an even pricking pattern. After only two 
microneedling sessions, the severity of the scars 
reduced greatly in all subjects, and the overall 
aesthetic improved. While immediately after 
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each microneedling session, the treated areas had 
redness and swelling which disappeared within 
2–3 days; none of the subjects had any treatment-
related side effects such as visible signs of the 
procedure or hyperpigmentation.

20.5	 �Patient and Provider 
Preference

20.5.1	 �General Opinion 
of Microneedles

To study the patient and provider opinions of 
microneedles, Birchall et al. conducted a focus 
group study with 27 patients and 31 healthcare 
providers (Birchall et al. 2011). The participants 
received a 5-min objective introduction to 
microneedle technology, and the ensuing dis-
cussions were assessed. The concept of 
microneedle technology was well accepted, 
with 100 % of patients and 75 % of providers 
indicating an overall positive impression of 
microneedles. The most frequently identified 
advantages of microneedles by the participants 
were reduced pain, reduced tissue damage, and 
benefit to patients who must take frequent 
injections.

Several other studies have also reported the 
general approval of microneedle-based influenza 
vaccine shots after use. Some were limited to par-
ticipants who already chose microneedle admin-
istration over intramuscular injection and 
therefore provide limited information on patient 
approval (Dhont et  al. 2012; Eizenberg et  al. 
2011). One controlled study showed similar pref-
erence among the elderly in Italy for microneedle-
based intradermal injection versus intramuscular 
injection (Durando et al. 2012). Another study in 
adults in Europe showed significantly higher 
preference for microneedles in the elderly popu-
lation, but significantly lower acceptance in the 
non-elderly adults (Reygrobellet et  al. 2010). 
Among healthcare providers, 69–88 % expressed 
a preference for the microneedle injection for 
their patients (Durando et al. 2012; Dhont et al. 
2012; Eizenberg et al. 2011; Reygrobellet et al. 
2010; Arnou et al. 2011).

20.5.2	 �Willingness to Vaccinate 
with Microneedles

Studies on willingness to get vaccinated with hol-
low microneedle injections have been conducted 
with naïve participants and randomized controlled 
trials comparing microneedles and intramuscular 
immunizations. For naïve users, 60–74 % of those 
who normally prefer not to get vaccinated indi-
cated that they would choose to be vaccinated if a 
microneedle option were available and recom-
mended to them (Arnou et al. 2011). However, two 
large controlled studies with 6,500 participants 
showed that there is no significant change in will-
ingness to get revaccinated between the micronee-
dles and intramuscular groups (Reygrobellet et al. 
2010). Thus, the naïve users strongly preferred the 
microneedle patch, but the subjects in the random-
ized controlled trials were ambivalent. The differ-
ence in these results may be explained by the effect 
of experience in the randomized controlled trial or 
the inclusion of normally unvaccinated partici-
pants in the naïve user study. It is unknown at this 
stage if microneedle-based vaccines significantly 
improve vaccination coverage among the general 
population.

20.5.3	 �Willingness to Self-Administer

In a focus group study, where groups of 6–14 
physicians or members of the general public had 
an investigator-led discussion on microneedles, 
participants identified that microneedle patches 
may be easier to self-administer than intramuscu-
lar injections (Birchall et al. 2011). However, they 
expressed concerns about how one can confirm 
complete drug delivery after self-administration. 
One group examined immune response and patient 
preferences for self-administered microneedle-
based influenza vaccines versus healthcare worker-
administered vaccines (Coleman et al. 2012). The 
data indicate that 93 % of users could correctly 
self-administer the device on the first attempt, and 
both the experimental groups had similar immune 
responses. Members of the group that experienced 
self-administration of microneedles (BD Soluvia® 
System) were significantly more likely to accept 
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self-administration for future vaccinations than 
members of the group that experienced administra-
tion of the same device by a nurse.

This suggests that there may be a paradox for 
microneedle developers: patients may ultimately 
accept self-administration in large numbers, but 
they may be reluctant to try self-administration 
without experiencing it first.

20.5.4	 � Patient and Provider 
Concerns About Microneedles

The focus group study provided the most open-
ended responses for potential concerns about 
microneedle use. Participants’ concerns included 
efficacy of microneedles compared to standard 
modes of treatments, delayed onset, increased 
cost, reliable dosing, and narcotic and nefarious 
misuse of microneedles (Birchall et al. 2011). In 
other studies, side effects associated with 
microneedle administration were assessed. 
Patients reported a greater “bother” or physical 
discomfort at the injection site after influenza 
vaccination with a microneedle injection com-
pared to an intramuscular injection, which is 
believed to be associated with the local immune 
response in the skin (Durando et  al. 2012; 
Reygrobellet et  al. 2010). These factors may 
affect patient perceptions and preferences.

Overall, patients and providers have a favor-
able opinion of microneedles. Microneedles may 
help improve vaccination coverage by encourag-
ing more people to get vaccinated, and patients 
may be willing and able to self-administer 
microneedle devices. Participants are concerned 
about efficacy, increased cost, safe use within the 
community, and injection site reactions. The next 
few years will reveal if the preference pattern for 
microneedles seen in controlled studies will 
translate to acceptability in real use scenarios.

�Conclusion

The study of microneedle technology has pro-
gressed from in vitro and animal studies into a 
growing set of human studies and clinical tri-
als. Through proper design, microneedles 
have been shown to be inserted reliably into 

the skin, allow liquid infusion into skin, avoid 
pain, permit skin resealing after removal, and 
otherwise have a promising safety profile. 
Drug delivery studies have shown the ability 
of solid and hollow microneedles to adminis-
ter a range of small-molecule drugs, as well as 
parathyroid hormone, insulin, and influenza 
vaccines. Patients and providers have gener-
ally viewed microneedles positively and 
expressed a willingness to self-administer 
medications using microneedles. Overall, 
human studies have built on preclinical find-
ings to show that microneedles have great 
promise to improve efficacy, safety, and/or 
compliance with pharmaceutical therapies in 
human medical practice.
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21.1	 �Introduction

Transdermal drug delivery systems provide 
attractive solutions for local and systemic drug 
delivery, with advantages over drug delivery via 
conventional oral or hypodermic administration. 
The benefits include avoidance of first pass 
metabolism, elimination of drastic drug fluctua-
tions, prevention of adverse side effects, and a 
general increase in patient compliance. 
Nevertheless, after three decades of extensive 
research only a relatively small number of drugs 
can be introduced transdermally (Prausnitz and 
Langer 2008; Subedi et al. 2010). The main bar-
rier to topically applied medications is the outer-
most layer of the skin, the stratum corneum (SC), 
which permits penetration and delivery of small 
lipophilic drugs, but not of compounds that are 
large or hydrophilic (Prausnitz and Langer 2008; 
Cevc and Vierl 2010; Barry 2004). A variety of 
vehicles and technologies have been developed to 
penetrate the skin barrier, allowing transcutane-
ous drug delivery (Brown et al. 2006; Cevc and 
Vierl 2010). The two principal approaches 
adopted to enhance skin permeability and pene-
tration of actives are based either on chemical 
passive enhancers or on physical active or ener-
getic devices. Passive technologies have the 
advantage of high patient compliance but usually 
require a long application time because of slow 
absorption (Baroli 2010; Elsayed et  al. 2007), 
whereas active methods rapidly permeate the 

T. Lotan, PhD (*) 
Marine Biology Department, The Leon H. Charney 
School of Marine Sciences, University of Haifa, 
Haifa, Israel
e-mail: lotant@univ.haifa.ac.il 

Y. Tal, PhD • A. Ayalon, PhD 
NanoCyte (Israel) Ltd, Caesarea, Israel
e-mail: yossi@nano-cyte.com; ari@nano-cyte.com

21

Contents

21.1	 �Introduction . . . . . . . . . . . . . . . . . . . . . . .                        	 343

21.2	 �The Biological Micro-device System . . .    	 344

21.3	 �Harnessing a Biological System  
for Drug Delivery  . . . . . . . . . . . . . . . . . .                   	 344

21.4	 �Delivery of Hydrophilic Compounds  . .   	 345
21.4.1	� Kinetics of Drug Release  . . . . . . . . . . . . .              	 345
21.4.2	� Dose Control in a Peptide Model . . . . . . .        	 346
21.4.3	� Systemic Delivery . . . . . . . . . . . . . . . . . . .                    	 347

21.5	 �Discussion  . . . . . . . . . . . . . . . . . . . . . . . .                         	 348

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 349

mailto:lotant@univ.haifa.ac.il
mailto:yossi@nano-cyte.com
mailto:ari@nano-cyte.com


344

skin barrier but necessitate professional adminis-
tration and are expensive (Ogura et  al. 2008; 
Prausnitz 2004; Charoo et al. 2010). In this chap-
ter we describe biologically derived micro-
devices that are applied in topical formulations 
and which, when activated, inject the desired 
compound into the epidermis. These natural 
micro-devices integrate the benefits of the chemi-
cal passive and physical active approaches by 
conferring the dual advantages of ease of applica-
tion and rapid delivery. Furthermore, the system 
is specifically designed to deliver hydrophilic 
compounds.

21.2	 �The Biological Micro-device 
System

The micro-devices used for drug delivery are iso-
lated from sea anemones that belong to the phy-
lum Cnidaria, which includes hydra, corals, sea 
anemones, and jellyfish, and dates back about 
700 million years (Park et al. 2012). Cnidarians 
have a simple body structure, containing a large 
population of stem cells that provide them with 
almost unlimited ability for regeneration, remi-
niscent of the Greek mythological hydra with 
constantly growing heads (Bosch et  al. 2010). 
The most characteristic features of the cnidarians 
are their stinging mechanisms, which are located 
within stinging cells and are constantly renewed. 
The stinging mechanisms are composed of 
microcapsules incorporating tightly folded sub-
micron- to nano-sized injectors. The microcapsu-
lar wall and the nano-injector, which is a 
continuation of the microcapsule, are made of 
fibrils composed mainly of two proteins. One, 
known as mini-collagen, is similar to collagen 
but is much shorter, and the other is highly 
enriched in cysteine (Engel et  al. 2002). These 
two proteins are cross-linked with disulfide bonds 
to create a condensed micro-device structure with 
a tensile strength almost as high as that of steel 
(Holstein et al. 1994; Ozbek et al. 2002). Owing 
to its fibrillary structure, the microcapsule wall is 
permeable to solutions and essentially performs 
like a porous net. Upon activation of the micro-
capsule, water flows through it, and a high 

internal pressure of 150 bars is rapidly devel-
oped, resulting in discharge of the long, thin, 
folded injector at an ultrafast acceleration of 
5*106  G (Nüchter et  al. 2006) (Fig.  21.1). The 
discharge is controlled by osmotic balance. The 
water flowing through the porous wall of the acti-
vated microcapsule causes dissociation of the 
main matrix of the microcapsules consisting of a 
large aggregated of poly-γ-glutamate trapped 
with cationic metal inside the microcapsule 
(Ayalon et  al. 2011; Weber 1990). This in turn 
increases the osmotic pressure, resulting in ejec-
tion of the nano-injector and continuous injection 
of the microcapsule content till the poly-γ-
glutamate is fully swept out from the microcap-
sule (Szczepanek et  al. 2002). The system is 
capable of puncturing keratinous tissue such as 
skin, hair, and nail plate and immediately deliver-
ing the microcapsule content (Lotan 2008). 
About 30 subtypes of microcapsules are known; 
they differ in size and shape, but all function 
according to the same basic principle (Tardent 
1995). In the following section, we elaborate on 
the microcapsule type that is derived from the sea 
anemone Aiptasia diaphana and can be used for 
drug delivery.

21.3	 �Harnessing a Biological 
System for Drug Delivery

More than 10,000 species of Cnidaria contain 
nano-injection systems. We were interested in 
microcapsules with relatively short nano-
injectors that would be able to penetrate the SC 
and enter only the upper part of the viable epider-
mis. We therefore chose sea anemone microcap-
sules, which contain smooth nano-injectors 
50  μm in length. These microcapsules are iso-
lated, purified, and desiccated, all under sterile 
conditions, yielding a powder of intact micro-
devices whose potential activation is unimpaired 
(Ayalon et al. 2011), and which, when formulated 
as an anhydrous gel, can be spread over the skin. 
Activation occurs only when the gel formulation 
is hydrated by the addition of a hydrophilic for-
mulation containing the drug (Fig.  21.1). Thus, 
administration of the drug comprises two steps: 
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first, spreading of the anhydrous gel formulation 
containing the micro-device system over the skin 
and, second, application of the hydrophilic drug 
formulation. Because activation is immediate, the 
drug is delivered to the epidermis in less than 
5 min, and owing to its short and thin nano-sized 
dimensions, the delivery is virtually noninvasive 
(see movie in (Ayalon et al. 2011)).

21.4	 �Delivery of Hydrophilic 
Compounds

Owing to the characteristics of the skin, hydro-
philic compounds are the most difficult mole-
cules to deliver by passive chemical application. 
The nano-injection system is specifically 

designed to address this obstacle and hence to 
facilitate the delivery mainly of hydrophilic com-
pounds. We have previously shown that various 
compounds, including organic compounds and 
peptides, can be delivered, via our micro-devices, 
locally into the skin (Ayalon et  al. 2011; Lotan 
2005, 2008), or systemically (Shaoul et al. 2012). 
The unique delivery apparatus is described and 
illustrated in the next section.

21.4.1	 �Kinetics of Drug Release

Activation of the anhydrous gel containing the 
nano-injection system is immediate when com-
bined with a hydrophilic drug. The applied sol-
uble drug is pumped into the microcapsule and 

Drug

H2O

Skin

a b cFig. 21.1  Mode of 
action of the nano-
injection system. The 
intact microcapsule in 
an anhydrous gel 
formulation (a) is 
activated by a 
hydrophilic drug 
formulation (b). Water 
molecules (triangles) 
and the soluble drug 
(circles) penetrate the 
porous wall of the 
microcapsule, resulting 
in high internal pressure 
that causes forcible 
ejection of the 
nano-injector and 
discharge of its 
microcapsular contents 
into the skin (c) 
(Modified from Shaoul 
et al. (2012))

21  Fast-Acting Topical Hydrophilic Drug Delivery via a Natural Nano-Injection System



346

through the nano-injector to its target (Fig. 21.1). 
This process continues until the poly-γ-glutamate 
driving force of the system is washed out through 
the nano-injector. As the entire process takes 
less than a second, we studied the kinetics of the 
system over a short period (5  min) of exposure 
to a test drug delivery, after which the drug was 
removed from the skin by thorough washing. This 
brief period, although considerably longer than 
the time required for activation of the system, was 
chosen because of technical limitations. Using a 
Franz diffusion cell system, we carried out in vitro 
measurements of the permeability and kinetics of 
various test compounds in a sample of full-thick-
ness skin from nude mice. Figure 21.2a demon-
strates the delivery kinetics of three hydrophilic 
drugs (lidocaine hydrocloride, triethanolamine 
HCl, trolamine salicylate and nicotinamide), all 
of which are used in topical formulations for vari-
ous therapeutic purposes such as local anesthesia 
and arthritic pain as well as in skin cosmetics but 
which usually necessitate prolonged application to 
permeate the skin. Exposure of the skin for 5 min 
to these drugs after applying the gel formulation 
containing the biological micro-devices resulted, 
in each case, in the successful permeation through 
the full-thickness skin of 40 % of the delivered 
drug as early as 30 min after application and of 
more than 90 % at 5 h. Control experiments car-
ried out under identical conditions but without the 

micro-devices resulted in permeation of negligi-
ble amounts (Fig. 21.2b). Evidently, therefore, the 
rapid delivery obtained with the biological micro-
devices is not typical for passive topical or trans-
dermal formulations but is rather an outcome of 
the active mode of penetration via nano-injection.

21.4.2	 �Dose Control in a Peptide 
Model

The quantity of drug delivered by the nano-
injection system can be controlled by regulating 
three basic parameters: drug concentration, size 
of application area, and number of microcap-
sules. Common to most transdermal formulations 
including the nano-injection system are the first 
two parameters, resulting in an increased drug 
delivery as a function of drug concentration and 
application area size (Ayalon et al. 2011; Lotan 
2008). The unique feature of the nano-injection 
system is that, as with fixed fabricated micronee-
dles, the number of penetration points can be 
controlled. However, unlike in the case of 
microneedle use, the concentration of microcap-
sules in the anhydrous gel formulation that is 
spread over the skin can be varied.

Our experimental results of topical applica-
tion of a hydrophilic peptide demonstrate the 
effect of microcapsule number on drug delivery. 

a b

Fig. 21.2  (a) Kinetics of 5 % lidocaine hydrochloride, 
5 % trolamine salicylate, and 5 % nicotinamide through 
the full-thickness skin of nude mice, assessed in a Franz 
diffusion cell. The microcapsules were applied in gel for-
mulation containing 2 % hydroxypropyl cellulose in abso-
lute ethanol over the skin, and the test drugs were placed 
over the microcapsule-containing gel for 5 min. The skin 

was then thoroughly washed and samples were taken 
between 0.5 and 24 h. (b) Accumulation of delivered com-
pounds indicated in (a), measured 24 h after application of 
the microcapsule-containing gel (black bar) or of the gel 
formulation without microcapsules (gray bar). Error bars 
represent means ± SD
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Peptides and proteins are relatively limited in 
their delivery through the SC, and many advanced 
formulations and physical techniques are being 
developed for that purpose, only a few of which 
are currently on the market (Kalluri and Banga 
2011). We tested delivery of desmopressin ace-
tate, a 9-amino-acid synthetic replacement for the 
hormone vasopressin. This peptide is relatively 
stable and can be traced under the skin (Cormier 
et al. 2004). Our nano-injection system, in which 
different numbers of microcapsules in a gel for-
mulation were combined with 5 % desmopressin 
solution, was applied to the full-thickness skin of 
nude mice for 5 min. We found that the amount of 
drug delivered was proportional to the number 
of  microcapsules up to approximately 1 × 106 
microcapsules per square centimeter of skin 
(Fig.  21.3). In other experiments (Ayalon et  al. 
2011) we found that above this concentration, 
there was a reduction in the amount of drug deliv-
ered, suggesting that the ongoing increase in 
microcapsule density probably resulted in micro-
capsules overload, preventing their optimal con-
tact with the skin. The nude mouse skin used in 
the above experiments is a convenient and readily 
available model for percutaneous penetration 
(Simon and Maibach 1998); nevertheless, to 

verify that successful application is not limited to 
the anatomy of the mouse skin, we also tested it 
on the epidermis of the rodent model that most 
closely resembles human skin, namely, that of the 
hairless guinea pig (Sueki et al. 2000). The results 
were similar to those obtained in nude mice, 
showing that the system is not restricted to a par-
ticular model and suggesting that it can be suc-
cessfully applied to different skin anatomies 
(Fig.  21.3). Thus, these experiments confirmed 
that the delivered dose can be controlled by alter-
ing microcapsule density and that the system is 
compatible with peptide drugs. These findings 
offer promising possibilities for biopharmaceuti-
cal drug delivery.

21.4.3	 �Systemic Delivery

To demonstrate systemic delivery, we used the 
potent muscarinic receptor antagonist, scopol-
amine. This naturally occurring alkaloid is one 
of the most effective single agents used to pre-
vent motion sickness (Spinks and Wasiak 2007) 
and is also commonly used for the prevention of 
postoperative nausea and vomiting (Apfel et al. 
2010). It was one of the first drugs to be incorpo-
rated, into patches for transdermal delivery. 
However, given the slow incremental diffusion 
of this drug, the patch has to be applied up to 8 h 
in advance of need, a major treatment disadvan-
tage (Renner et al. 2005). Because the activity of 
the micro-injection system is immediate, we 
expected that its use would enable faster drug 
delivery resulting in rapidly detectable plasma 
drug levels. To test this hypothesis, we used a 
porcine model, known to be particularly reliable 
for transdermal research in vivo, as comprehen-
sively reviewed by Simon and Maibach (Simon 
and Maibach 2000). In vivo exposure of the por-
cine skin to a topical gel consisting of micro-
devices combined with 5 % scopolamine 
hydrobromide was limited to 5 min, after which 
the sites of application were thoroughly washed, 
and blood samples were collected. The results 
showed that the nano-injection system had facil-
itated rapid accumulation of scopolamine in the 
plasma, with a time to peak concentration 

Fig. 21.3  Accumulation of desmopressin acetate deliv-
ered to the full-thickness skin of nude mice (black 
squares) or to hairless guinea pig epidermis (gray trian-
gles), as a function of microcapsule number. Desmopressin 
(5 % solution) was added to gel formulations containing 
different numbers of microcapsules per square centimeter 
of skin or, as a control, to the same gel formulation with-
out microcapsules (0 microcapsules). After exposure to 
desmopressin for 5 min, the drug was removed from the 
skin by thorough washing, and the skin samples were left 
in the diffusion cell for 24 h to allow continuing subcuta-
neous diffusion of the delivered desmopressin. Error bars 
represent means ± SD
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(Tmax) of 30 min and a peak plasma concentra-
tion (Cmax) up to five times higher than that of 
control pigs exposed to similar topical treatment 
but without micro-devices (Fig.  21.4). Thus, 
despite its topical formulation, the pharmacoki-
netic characteristics of the drug in the presence 
of the micro-devices were comparable to those 
reported for its subcutaneous injection (Renner 
et al. 2005).

21.5	 �Discussion

The skin is the most accessible site for targeted 
topical and systemic delivery of drugs. 
Nevertheless, the intrinsic structure and lipophi-
licity of the SC serve as an almost impenetrable 
barrier for the transdermal route to hydrophilic 
compounds. The biological micro-device system 
can overcome this barrier because the delivery 
through the SC is not dependent on passive diffu-
sion, but rather on active penetration via the hol-
low nano-injectors directly into the epidermis. 
The penetrating nano-injectors are relatively 
short, up to 50 μm long, and can therefore only 
transverse the SC, delivering the drug to the 
upper viable epidermis (Fig. 21.5) creating sub-
micron penetration points. These physical char-
acteristics make the system almost noninvasive in 
comparison to other devices such as sono/elec-
troporation, which creates entry points of more 
than 200 μm in pore diameter, or minimally inva-
sive microneedles with varied diameter of 
25–200 μm and length of up to 1 mm, which can 
reach to the dermis (Donnelly et al. 2010; Cevc 
and Vierl 2010; van der Maaden et  al. 2012). 
Safety trials on more than 100 human volunteers 
have demonstrated no irritation or allergic poten-
tial caused by the nano-injection system, and 
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Fig. 21.4  Plasma levels of scopolamine in pigs after brief 
topical exposure. Test (n =4) and control (n =3) groups 
were exposed for 5 min to the same solution of 5 % sco-
polamine hydrobromide. The graph shows averaged val-
ues (means + SD) of the test group (black squares) treated 
with gel formulation containing microcapsules and of the 
control group (open triangles) treated with gel formula-
tion only (Modified from Shaoul et al. (2012))

Nano-injector

Syringe

Stratum Corneum
Epidermis

Dermis

Subcutaneous

Fig. 21.5  Application of 
the micro-device system in 
comparison to application 
by a regular syringe. The 
microcapsules are topically 
activated to inject their 
nano-injectors through the 
SC. Because of the 
dimensions of the 
nano-injectors, their skin 
penetration is limited 
mainly to the SC and the 
upper viable epidermis, 
whereas the regular syringe 
penetrates the skin layers 
and reaches deep into the 
subcutaneous layer
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studies in pigs showed that the nano-injectors can 
be wiped off the skin after application (Lotan 
2005, 2008). The use of this biological system as 
a drug delivery platform allows rapid topical 
application that is self-activated via internal 
osmotic pressure, without the need to apply any 
external energy device. After application the sys-
tem can be removed by wiping, as the delivery 
process is by then already completed. The system 
can be used not only for local treatments but also, 
depending on the characteristics of the drug, for 
systemic delivery. As it is specially designed for 
delivery of hydrophilic organic compounds and 
peptides, further studies will be required to inves-
tigate its potential use for delivery of large pro-
teins. The findings to date suggest that this 
700-million-year-old natural system can be 
exploited as a novel technique for the fast-acting 
delivery of therapeutic drugs.
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22.1	 �Introduction

The skin protects the internal environment in our 
body and has two unique barriers. The outermost 
layer of the skin, the stratum corneum, is a lipo-
philic, physical barrier, and the second barrier is 
biochemical—the viable epidermis and dermis 
underneath the stratum corneum (viable skin). The 
stratum corneum’s function as a barrier by both dif-
fusion and partition makes the transdermal delivery 
of drugs difficult. Thus, the first phase in the past 
development of transdermal therapeutic systems 
was focused on identifying potent drugs that would 
be well absorbed in the skin. However, the trans-
dermal route allowed the transport of only a limited 
amount of drugs (Wester and Maibach 1983), and 
it was difficult to increase the drug absorption 
because of a limiting size of transdermal patches 
(≤ approximately 40 cm2) (Pfister 1997). Thus, the 
focus of the second phase was to increase the 
amount of drug that penetrated transdermally. 
Researchers created chemical penetration enhanc-
ers (Williams and Barry 2004) against the stratum 
corneum’s barrier function, and this succeeded for 
low molecular weight drugs. The third phase was 
to enhance and control the skin penetration flux by 
physical enhancement methods (Brown et  al. 
2006). The physical enhancers also brought a 
pulsed control of the flux. The more recent prog-
ress in transdermal drug delivery has been achieved 
based on not only medicine and pharmacology but 
also engineering science and bioinformatics.
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In this chapter, we summarize the fundamen-
tal knowledge about skin penetration and physi-
cal or active enhancing methods, in particular 
iontophoresis, electroporation, sonophoresis 
(ultrasound), and microneedle methods. We dis-
cuss the advantages and disadvantages of the 
combined use of physical enhancers, which is the 
next stage of transdermal drug delivery.

22.2	 �General Principles of Skin 
Penetration

Skin penetration flux follows Fick’s second law 
of diffusion. Because the skin is a bilayered 
structure, the following diffusion equations are 
given for each layer:
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where C is the drug concentration, D is the diffusion 
coefficient, h is the thickness of the stratum corneum, 
H is the thickness of the skin, t is time, and k is the 
first-order enzymatic reaction rate. The subscripts sc 
and vs stand for stratum corneum and viable skin, 
respectively. We can solve the diffusion phenomena 
through skin using Eqs. (22.1) and (22.2) to obtain 
the following initial and boundary conditions:

Initial condition

	 t C C x H= = = £ £0 0 0; ,sc vs 	

Boundary conditions
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x H viable skin surface C sink condition= ( ) = ( ); vs 0

	

where Cd is the concentration in the drug formu-
lation, Ksc is the partition coefficient between the 
skin surface and the drug formulation, and Ksc/vs 
is the partition coefficient between the stratum 
corneum and the viable skin.

We simplify the skin penetration as a single-
layered skin model because the skin penetration 
flux of drugs is controlled by the stratum corne-
um’s barrier function. Under the conditions of 
steady-state penetration with perfect sink condi-
tion, Eq. (22.1) can be replaced by the following 
equation:

	

dQ
dt

D CK
h

= sc scD

	
(22.3)

where Q is the cumulative amount of drug and 
∆C is the concentration gradient between both 
ends of the skin.

22.3	 �Physical Enhancement

In the past two decades, the progress in biotech-
nology and bioinformatics has led to novel and 
potent drugs (i.e., peptides, antibodies, oligonu-
cleotides, and small interfering RNAs (siRNAs)) 
and the possibility to establish safer and more 
effective drug delivery strategies. Transdermal 
delivery would be advantageous for these new 
drugs because they are metabolized easily in the 
gastrointestinal tract by oral delivery. However, 
these drugs can hardly penetrate through the skin 
because of their high molecular weight and 
hydrophilic properties. Because the skin penetra-
tion flux is simplified as Eq. (22.3), the flux is 
increased by the improvement of Dsc, ∆C, Ksc, 
and h individually and at the same time. Three 
effective enhancement methods are (1) to 
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increase the diffusion coefficient in the stratum 
corneum, (2) to increase the concentration in the 
drug formulation and in the stratum corneum, 
and (3) to decrease the thickness of the stratum 
corneum or to create new pathways across the 
stratum corneum. The physical enhancements are 
achieved by the use of external energy to add a 
driving force for the skin penetration and 
mechanical force to reduce the barrier function of 
the stratum corneum.

22.3.1	 �Iontophoresis

Iontophoresis using a low current density (the 
limitation is ≤ 0.5 mA/cm2 for human skin) is a 
superior method for the percutaneous absorption 
of drugs with a molecular weight between 200 
and 300  Da (Yoshida and Roberts 1992). This 
enhancement method is based on electrorepul-
sion and/or electroosmosis. Electroosmosis is a 
convective flow that goes across the stratum cor-
neum from the anode to the cathode when the pH 
value of the skin surface is more than 4.0 (Kim 
et al. 1993). Thus, the flux of nonionized drugs is 
also increased by electroosmosis. The diffusion 
equation with no enzymatic reaction across the 
stratum corneum under iontophoresis becomes 
the following:
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where z is the charge number of the ionized drug, 
F is the Faraday constant, E is the electric field, R 
is the gas constant, T is the absolute temperature, 
and u is the velocity of the convective flow.

Because the electrorepulsion and electroosmo-
sis occur only under an electric field and are 
affected by the current density, it becomes possi-
ble to achieve a continuous, pulsed, and reversed 
delivery of drugs, to terminate the application 
immediately, and to reduce inter- and intraindi-
vidual variation. The advantages of iontophoresis 
bring possibilities for transdermal therapeutic 
systems. Iontophoresis has been studied for sys-
tematic and topical delivery, and some devices 
using electric fields such as the E-TRANS® (Alza/
Ortho-McNeil Pharmaceutical Co.) for fentanyl 

(Gupta et al. 1999), the LidoSite® (Vyteris Inc.) 
for lidocaine (Pasero 2006), the IontoPatch® 
(Travanti Pharma Inc.) for dexamethasone 
(Chaturvedula et al. 2005), and the GlucoWatch® 
(Cygnus Inc.) as a glucose monitor (Garg et  al. 
1999) have actually come onto the market.

It must be noted that there are several reports 
in which iontophoresis caused irreversible dam-
ages to the skin (Burnette and Ongpipattanakul 
1988; Inada et al. 1994; Wang et al. 1993). Miyagi 
et al. (2006) reported about the effect of molecu-
lar weight of drugs on the iontophoretic enhance-
ment of flux. The flux of vitamin B12 (MW = 1355) 
increased appreciably in parallel with the con-
stant current density (~0.6 mA/cm2) and reached 
a plateau after the current was turned off 
(Fig.  22.1). In contrast, the flux of fluorescein 
isothiocyanate (FITC)-dextran (FD-4, average 
MW = 4400; FD-10, average MW = 11,000; 
FD-20, average MW = 19,000) increased contin-
uously after a lag time (0.5 h for FD-4 and 1.5 h 
for FD-10 and FD-20) (Fig. 22.2). Kanikkannan 
(2002) also reported that iontophoresis might not 
be a suitable method for the transdermal delivery 
of peptides (>7000  Da). These results indicate 
that iontophoresis might be able to enhance the 
flux of drugs with high molecular weight 
(≥5 kDa), but it is impossible to control the flux.

Fig. 22.1  Effect of current density on the skin penetra-
tion of vitamin B12. The electric field was applied for 1 h 
after 1 h of passive transport. Closed circles, 0.6 mA/cm2; 
closed squares, 0.3 mA/cm2; closed triangles, 0.15 mA/
cm2; open circles, control experiment (0 mA/cm2). IP ion-
tophoresis (Reproduced with permission from The 
Society of Chemical Engineers, Japan)
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22.3.2	 �Electroporation

Electroporation is also electro-assisted enhance-
ment methods as well as iontophoresis and was 
originally used as a transfection method entering 
deoxyribonucleic acid (DNA) into the cell; high-
voltage pulse applications for very short dura-
tions of time make transient pores in the cell 
membrane (Zerbib et  al. 1985). Prausnitz et  al. 
(1993) first reported the use of electroporation in 
transdermal delivery research. They achieved the 
enhancement of the transdermal flux of calcein 
(MW = 623, −4 charge) at in  vitro and in  vivo 
experiments. After this report, the skin penetra-
tion enhancement for macromolecules has been 
reported (Lombry et al. 2000; Riviere et al. 1995; 
Vanbever et  al. 1998; Zhang et  al. 2002; Zhao 
et  al. 2006). Electrical studies have shown that 
the enhancement mechanism of electroporation 
and the factors of voltage, pulse length, and pulse 
rate affect the drug penetration flux (Banga et al. 
1999; Denet et  al. 2004; Sharma et  al. 2000; 
Vanbever et  al. 1996). Skin resistance dramati-
cally decreases on a time scale of milliseconds by 
high-voltage pulses (Prausnitz 1996). The fast 
decrease of skin resistance causes the creation 
and expansion of pores in the stratum corneum 
(Pliquett et al. 1995), and the slow decrease may 
involve the change of the stratum corneum struc-
ture by thermal effects (Pliquett and Gusbeth 

2000). The pathways created by electrical pulse 
immediately close after cutting off the pulse, and, 
however, the skin resistance does not completely 
recover when electrical stimulus was too strong 
(Pliquett et  al. 1995). Riviere et  al. (1995) 
observed skin irritation after application of elec-
troporation (a single exponential voltage pulse 
for 5  ms, ≤ 1000  V). An electroporation pulse 
had a transient erythema and no adverse irrita-
tion. Therefore, the advantages of electroporation 
are: (1) to cause insignificant skin damage, (2) to 
show the enhancement effect quickly, and (3) to 
increase the skin flux of macromolecules with a 
molecular weight greater than 7000  Da which 
limit for iontophoresis (Denet et  al. 2004; 
Kanikkannan 2002).

22.3.3	 �Ultrasound

The enhancement of drug penetration is deter-
mined by ultrasound parameters (i.e., frequency, 
intensity, duty cycle, and duration of application) 
(Shirouzu et al. 2008). This is because physico-
chemical phenomena, rising temperature, acous-
tic streaming, the generation of convective flow, 
and the cavitation (Barnett et al. 1994; Liu et al. 
1998; Mitragotri et al. 2000) caused by sonopho-
resis are influenced by: each ultrasound parame-
ter, skin models, physicochemical properties of 
drugs, and experimental conditions. The flux of 
lidocaine hydrochloride (MW = 270, Fig. 22.3a) 
and that of vitamin B12 (Fig. 22.3b) were influ-
enced by the ultrasound frequency (2 MHz and 
300 kHz, 410 J/cm2). The vitamin B12 flux was 
also affected by the energy flux (intensity × treat-
ment time × duty cycle) (Fig.  22.4) (Shirouzu 
et  al. 2008). The enhancement mechanism 
involves mechanical, thermal, and physiological 
changes of the skin, in particular the imploding 
cavitation bubbles that disrupt the structure of the 
lipid bilayers in the stratum corneum (Tezel and 
Mitragotri 2003).

Sonophoresis is divided into three catego-
ries based on frequency: low-frequency (~kHz), 
therapeutic-frequency (1–3  MHz), and high-
frequency (3–16 MHz) ultrasound. Bommannan 
et  al. (1992) reported that high-frequency 

Fig. 22.2  Effect of iontophoresis (0.3 mA/cm2 for 1 h) 
on the flux of FITC-dextran (circles, FD-4; triangles, 
FD-10; squares, FD-20) (Reproduced with permission 
from The Society of Chemical Engineers, Japan)
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ultrasound increased the flux of salicylic acid 
and, at the same time, resulted in the structural 
alteration of skin tissue by the application of heat 
for 20 min. Therapeutic-frequency ultrasound is 
widely used in treatment, diagnosis, and phys-
iotherapy. Therapeutic-frequency ultrasound 
at the intensity within 0–2  W/cm2 can induce 
reversible changes in the skin barrier and can 
enhance the flux of low molecular weight drugs 
(Mitragotri et  al. 1995; Yamashita et  al. 1996). 
However, it hardly improves the flux of high 
molecular weight drugs. The sonic waves of low-
frequency ultrasound can deeply penetrate into 
the skin tissue, and, moreover, low-frequency 
ultrasound generates cavitation bubbles at lower 
intensity than therapeutic-frequency ultrasound. 

Low-frequency sonophoresis (20 kHz, 7 W/cm2, 
50 % duty cycle) is used for the enhancement of 
high molecular weight drugs, insulin (MW = 5805 
Da), heparin (12  k–15  kDa), and interferon-
gamma (IFN-γ) (15  k–25  kDa) (Mitragotri 
et al. 1996; Mitragotri and Kost 2001). The US 
Food and Drug Administration (FDA) recently 
approved the SonoPrep® system (55 kHz, 15 W/
cm2, Santra Medical Co.) as a transdermal deliv-
ery system for lidocaine. This system, using low-
frequency ultrasound, is expected to be used as a 
needle-free blood glucose monitor.

Sonophoresis is an excellent method for trans-
dermal drug delivery, but some researchers have 
reported skin tissue damage caused by sonopho-
resis under the higher intensity. Low-frequency 
ultrasound (20  kHz) at intensities lower than 
2.5  W/cm2 did not affect skin tissues, whereas 
intensities of 5.2  W/cm2 caused irreversible 
changes in skin tissue (Boucaud et al. 2001). The 
skin is a water-rich tissue, and, thus, enzyme 
deactivation may certainly occur in the skin tis-
sue by cavitation. The effect of the intensity and 
duration of ultrasound application (1  MHz, 
4.3 W/cm2) on the bioconversion of an ester drug 
was investigated using a hairless mouse skin 
in vitro (Fig. 22.5) (Hikima et al. 1998). Enzyme 
deactivation may be partly responsible for free 

a

b

Fig. 22.3  Enhancement of the skin penetration of lido-
caine hydrochloride (LID, (a)) and vitamin B12 (VB, (b)) 
by sonophoresis (SP) for 30 min. The energy flux of ultra-
sound was controlled at 410 J/cm2. Closed circles, low-
frequency ultrasound (300  kHz); closed squares, 
therapeutic-frequency ultrasound (2 MHz); open circles, 
control experiment without sonophoresis

Fig. 22.4  Influence of energy flux (intensity × treatment 
time × duty cycle) of ultrasound on the penetration flux of 
vitamin B12. The ultrasound frequency was 300 kHz. The 
flux increased in proportion to energy flux (Reproduced 
with permission from The Society of Chemical Engineers, 
Japan)
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radicals generated in the reservoir solution and 
tissue fluid during an ultrasound pretreatment of 
the skin. More research is needed to identify the 
interactions among ultrasound parameters and to 
establish the safe use of drugs for transdermal 
therapeutic systems.

22.3.4	 �Microneedles

Microfabrication technology for drug delivery has 
been used in oral delivery (Verma et al. 2000), der-
mal delivery (Prausnitz et al. 2003), and implant-
able delivery (LaVan et  al. 2003; Staples et  al. 
2006). Microneedles have been fabricated using 
microelectromechanical systems (MEMS) and 
have been developed to enhance the flux without 
the pain of piercing, as microneedles do not reach 
the nerve endings at the upper dermis. The drug 
application by microneedles was classified accord-
ing to the material and design: (1) solid micronee-
dles made from silicon, metal, and polymer that 
pierce the stratum corneum before drug applica-
tion (Martanto et al. 2004; Hikima et al. 2012), (2) 
solid microneedles from metal and polymer coated 
with drug (Gill and Prausnitz 2007), (3) solid 
microneedles from biodegradable polymer coated 
with drug and contained the drug (Park et  al. 
2006), and (4) hollow microneedles from metal 
and polymer for drug solutions (Häfeli et al. 2009).

The Macroflux® transdermal microprojection 
delivery system with titanium microneedles 
coated with drug and the microstructured trans-
dermal system (MTS) microneedle patch were 
developed by ALZA Co. and 3 M, respectively. 
Intracutaneous immunization with Macroflux® 
had similar immunoglobulin G (IgG) titers com-
pared to intramuscular, subcutaneous, and intra-
dermal injections (Matriano et  al. 2002). 
Low-dose influenza vaccines with NanoPass® 
comprised of hollow silicon microneedles 
resulted in immunogenic reactions similar to the 
full-dose intramuscular vaccination (Damme 
et al. 2009). Microneedles may be suitable for the 
intracutaneous delivery of high molecular weight 
drugs, but there have been some reports that the 
insertion depth of a microneedle into the stratum 
corneum is influenced by the shape of the 
microneedle (Bal et al. 2010), the force of inser-
tion (Davis et al. 2004), and the skin compaction 
during microneedle insertion (Martanto et  al. 
2006). Therefore, further detailed investigations 
into the mechanisms of drug transport by 
microneedles through the stratum corneum and 
the mechanical properties of the stratum corneum 
are necessary.

22.4	 �Combination 
of Iontophoresis with Other 
Physical Enhancement 
Methods

Chemical and physical enhancers have been 
studied for their use with transdermal therapeu-
tic systems, to achieve active transport and to 
control the penetration flux of drugs. However, 
researchers reported that the strength of an 
undesirable stimulus, dermatitis, and irrevers-
ible skin damage increases in proportion to the 
enhancement effect of enhancers on the penetra-
tion flux of drugs (Boucaud et al. 2001; Ledger 
1992). Thus, the application of enhancers in 
humans is limited due to their undesirable side 
effects. Protein and peptide drugs with high 
molecular weights do not penetrate across  
the skin easily (Kanikkannan 2002), and the 

Fig. 22.5  Ratio of the flux of metabolite in skin treated 
by ultrasound (Fluxp) to the flux of metabolite in untreated 
skin (the control experiment, Fluxc) as a function of the 
product of intensity (Iu) and treatment time (Dp) 
(Reproduced with permission from Springer)
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penetration flux continuously increases after the 
electric current is removed (Miyagi et al. 2006). 
Therefore, researchers have been investigating 
the combined use of enhancers for reasons of 
safety, economy, and efficacy (Fang et al. 2002; 
Mitragotri 2000; Wang et al. 2005). Moreover, 
the combination of enhancers leads to the syner-
gistic enhancement of transdermal drug deliv-
ery. There are many reports about the synergistic 
enhancement by the combined use of enhancers, 
such as the combinations of iontophoresis with 
chemical enhancers (Pillai et al. 2004; Rastogi 
and Singh 2005), iontophoresis with electropor-
ation (Chang et  al. 2000), iontophoresis with 
sonophoresis (Fang et al. 2002; Le et al. 2000; 
Shirouzu et  al. 2008), iontophoresis with 
microneedles (Katikaneni et al. 2009; Lin et al. 
2001), as well as sonophoresis with chemical 
enhancers (Johnson et  al. 1996; Lavon et  al. 
2005), sonophoresis with electroporation (Kost 
et  al. 1996), laser radiation with microderm-
abrasion (Fang et al. 2004), and others.

However, some researchers reported also 
a lower penetration flux when a combination 
of enhancers was used compared to the use 
of a single enhancement method. Denet et  al. 
(2003) indicated that the electroosmotic flux 
during iontophoresis (0.25  mA/cm2 for 3  h 
or 0.5 mA/cm2 for 9 h) was decreased by the 
accumulation of a positively charged drug, 
timolol maleate, in the stratum corneum by 
electroporation pretreatment (400 V, 10 msec, 
10 pulses). Singh and Jayaswal (2008) reported 
that the chemical enhancer Azone® inhibited 
the effect of an electric current (0.45 mA/cm2, 
6  h) on 5-FU transport because it interacted 
with the components of the stratum corneum. 
X-ray, attenuated total reflectance Fourier 
transform infrared spectroscopy (ATR-FTIR), 
and differential scanning calorimetry (DSC) 
studies revealed that the pretreatment with 
the chemical enhancer hexadecyltrimethylam-
monium bromide changed the electrical and 
structural properties of the stratum corneum, 
with the result that the skin penetration flux of 
propranolol hydrochloride decreased (Chesnoy 
et al. 1999). Therefore, the mechanisms under-
lying the penetration enhancement by each 

enhancer must be further investigated so that 
the appropriate combination of enhancers can 
be identified.

22.4.1	 �Combination of Iontophoresis 
and Electroporation

While iontophoresis directly acts on the drug 
molecule and the movement of water through 
the stratum corneum, electroporation causes 
the change of stratum corneum structure. These 
methods have a different penetration mecha-
nism, thereby the combined use of iontopho-
resis and electroporation could synergistically 
enhance the skin penetration flux of drug. 
Examples of the combined use of iontopho-
resis and electroporation are summarized in 
Table 22.1. Although electrical pulses of lower 
voltage less than 100 V followed by iontopho-
resis did not increase the flux of salmon cal-
citonin (MW = 3600), the flux was enhanced 
synergistically by the combined use of ionto-
phoresis and electric pulse of 120  V (Chang 
et al. 2000). Ching et al. (2012) studied whether 
three different molecular weight biomarkers, 
urea (MW = 60 Da), osteopontin (MW = 33 
kDa), and prostate-specific antigen (MW = 34 
kDa), can be extracted from the skin by the 
combination of iontophoresis and electropora-
tion in vitro. This technique is well known as 
reverse iontophoresis that is used as a diagnos-
tic method by extracting molecules through the 
skin (Garg et al. 1999; Mize et al. 1997). Ching 
et al. (2012) concluded that transdermal extrac-
tion of prostate-specific antigen and osteopon-
tin was possible only when applying reverse 
iontophoresis in combination with a high-volt-
age (≥ 296 V/cm) electroporation.

Iontophoresis can control the skin penetration 
flux of drugs by switching current on/off, and, on 
the other hand, electroporation can enhance the 
flux of macromolecules. The combined use of 
iontophoresis and electroporation may be possi-
ble to control the flux of macromolecules; how-
ever, it may be difficult for resealing pathways 
created by electrical pulse immediately. 
Therefore, further detailed investigations are 
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needed for the practical application of the com-
bined use of iontophoresis and electroporation.

22.4.2	 �Combination of Iontophoresis 
and Sonophoresis

The combined use of iontophoresis and sono-
phoresis is a practical approach to enhance the 
flux synergistically, because the electric proper-
ties of skin tissue are not affected by ultrasound 
treatment at all. Table 22.2 summarizes the lit-
erature regarding the combined use of iontopho-
resis and sonophoresis. The frequency of the 
ultrasound was an important factor for the syner-
gistic enhancement. The skin was pretreated by 
ultrasound (300 kHz and 2 MHz) for 30 min, and 
then electric field (0.35 mA/cm2, 1 h) was applied 
to the skin (Fig.  22.6). The combination of 
therapeutic-frequency ultrasound and electric 
field did not cause the synergistic enhancement 
of vitamin B12. Hikima et al. (2009) reported the 
effect of the application time of sonophoresis 
(Fig. 22.7). The flux of vitamin B12 increased to 

48 times compared to the control flux when 
30  min ultrasound and 1  h iontophoresis were 
applied simultaneously. On the other hand, a 
177-fold synergistic enhancement of the drug 
flux was achieved when the electric field applied 
after the ultrasound pretreatment. These results 
may indicate that sonophoresis changes the stra-
tum corneum structure by cavitation and ionto-
phoresis produced the additional forces of 
electroosmosis.

Skin anesthesia using a topical anesthetic (lido-
caine hydrochloride) usually requires 30–60 min. 
Iontophoresis (0.79 mA/cm2) enhanced the skin 
penetration of lidocaine, but it required at least 
10 min. The combination of ultrasound pretreat-
ment and 0.20 mA/cm2 electrocurrent for 2 min 
gave the same anesthetic effect as 10 min ionto-
phoresis (0.79 mA/cm2) (Spierings et al. 2008). 
Ultrasound pretreatment can shorten the required 
intensity and duration of current intensity of 
electric field. For example, Shirouzu et al. (2008) 
reported that a combination of sonophoresis and 
iontophoresis synergistically increased and tem-
porally controlled the penetration flux of vitamin 

Table 22.1  Examples of the combined use of iontophoresis and electroporation

Drugs/chemicals Applied conditions Skin Ref.

Luteinizing hormone-releasing 
hormone

EP: 1 pulse of 1000 V
IP: 0.5 mA/cm2, 30 min

Human,
in vitro

Bommannan et al. 
(1994)

Salmon calcitonin EP: 6 pulses of 60, 100, and 120 V, 
10 ms each
IP: 0.5 mA/cm2, 4 h

Human,
in vitro

Chang et al. (2000)

Buprenorphine HCl EP: 20 pulses of 500 V, 10 ms
IP: 0.5 mA/cm2, 4 h

Human and pig,
in vitro

Bose et al (2001)

Dextran sulfate EP: 6 pulses of 100, 250, and 500 V, 
10 ms
IP: 0.5 mA/cm2, 6 h

Human and pig,
in vitro

Badkar and Banga 
(2002)

Human parathyroid hormone 
(1–34)

EP: 100, 200 and 300 V, 20 pulses of 
100 ms pulse length with 1 s interval 
between each pulse
IP: 0.2 mA/cm2, 12 h

Porcine,
in vitro

Medi and Singh 
(2003)

Insulin EP: 10 pulses of 150 or 300 V, 10 ms
IP: 0.4 mA/cm2, 1 h

Rat,
in vivo

Tokumoto et al. 
(2006)

Ferric pyrophosphate EP: 100 pulses of 120 V, 10 ms at 5 Hz
IP: constant voltage (0.5, 2, 4 V), 
30 min

Porcine,
in vitro

Vaka et al. (2011)

Urea, prostate-specific 
antigen, osteopontin

EP: 10 pulses/s of 74, 148, 296, and 
592 V/cm, 1 ms
IP: 0.3 mA/cm2

Porcine,
in vitro

Ching et al. (2012)

EP electroporation, IP iontophoresis
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B12 in vitro (Fig. 22.8). The ratio of the drug flux 
compared to the control flux was synergistically 
increased to 217 times by the combined use of ion-
tophoresis and sonophoresis. The flux of heparin 
(average MW = 10,000) (Le et al. 2000) and that 
of sodium nonivamide acetate (MW = 375) (Fang 
et al. 2002) were synergistically enhanced by the 
application of iontophoresis and sonophoresis. 
Hikima et al. (2009) investigated the mechanism 

of the synergistic effects of sonophoresis and ion-
tophoresis on skin penetration. They performed 
in vitro skin penetration experiments using seven 
model chemicals with different electric charges 
and molecular weights. The synergistic effects 
were observed in nonionized and high molecu-
lar weight (approximately 1500  Da) drugs 
(Fig.  22.9a–d). Hikima et  al. (2009) concluded 
that the electroosmotic flow was the key factor 

Table 22.2  The combined use of iontophoresis and sonophoresis

Drugs/chemicals Applied conditions Skin Ref.

Heparin U: 20 kHz, 7.4 W/cm2, pulsed 
mode, ≥ 10 min
IP: 0.45 mA/cm2, 1 h

Pig, in vitro Le et al. (2000)

Sodium nonivamide acetate U: 20 kHz, 0.5 W/cm2, 2 h 
pretreatment
IP: 0.5 mA/cm2, 6 h

Nude mouse, in vitro Fang et al. (2002)

Lidocaine hydrochloride U: 55 kHz, 15 W/cm2 
(SonoPrep®)
IP: 1 mA, 2 min

Human, in vivo Spierings et al. (2008)

Vitamin B12 U: 300 kHz, 5.2 W/cm2, 
pulsed mode, 30 min
IP: 0.3 mA/cm2, 1 h

Hairless mouse, 
in vitro

Shirouzu et al. (2008)

Benzoic acid, lidocaine 
hydrochloride,
indomethacin, hydrocortisone,
timolol maleate, vitamin B12,
vancomycin hydrochloride

U: 300 kHz, 5.2 W/cm2, 
pulsed mode, 30 min
IP: 0.3 mA/cm2, 1 h

Hairless mouse, 
in vitro

Hikima et al. (2009)

U ultrasound, IP iontophoresis

Fig. 22.6  Effect of ultrasound frequency on the synergis-
tic enhancement of skin penetration of vitamin B12. The 
skin was pretreated by ultrasound for 30 min before start-
ing the experiment. Closed circles, low frequency 
(300  kHz); closed squares, therapeutic frequency 
(2  MHz); open triangles, iontophoresis without ultra-
sound pretreatment; open circles, control experiment

Fig. 22.7  Differences in the enhancement effects of vita-
min B12 according to treatment time by sonophoresis and 
iontophoresis. Closed circles, pretreatment with sonopho-
resis for 30 min and then iontophoresis applied for 1 h; 
closed squares, sonophoresis for 30 min and iontophore-
sis for 1 h simultaneously applied; open circles, control 
experiment
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in the synergistic penetration enhancement of 
drugs by the combined use of iontophoresis and 
sonophoresis.

22.4.3	 �Combination of Iontophoresis 
and Microneedles

Table  22.3 summarizes the literature about the 
combined uses of iontophoresis and micronee-
dles. Although there are various types of 
microneedles, regarding the used material, shape, 
length, and density of needles, their combination 
with iontophoresis provided synergistic enhance-
ment of the drug flux (Table 22.3). The mecha-
nism of skin penetration enhancement by 
microneedles is to create new transport pathways 
across the stratum corneum, with the result that 
high molecular weight and highly hydrophilic 
drugs are able to transport across the stratum cor-
neum. The combined use of iontophoresis and 
microneedles can be expected to provide a syner-
gistic enhancement of the flux because a 
microneedle makes only pores in the stratum cor-
neum mechanically, while iontophoresis 
improves the movement of drugs in these pores. 

Thus, there are many reports that iontophoresis 
was applied to the skin pretreated by micronee-
dles. For example, Chen et  al. (2009) reported 
that insulin using insulin-loaded nanovesicles 
with various charge and size was delivered into 
the skin by a combination of microneedles and 
iontophoresis. Positively charged nanovesicles 
with the average diameter of 107 nm were with-
drawn on the skin pretreated by microneedles and 
then iontophoresis (0.2 mA/cm2, on/off ratio of 
1:1, and frequency of 100 Hz) applied continu-
ously for 3 h, and the result decreased the blood 
glucose levels comparable to the levels achieved 
by subcutaneous injection. On the other hand, 
Garland et al. (2012) indicated that a synergistic 
effect on the increase of FITC-bovine serum 
albumin (BSA) flux was produced by the simul-
taneous application of iontophoresis and 
microneedle. They succeeded biodegradable 
polymeric microneedles and iontophoresis in a 
one-step application.

As aforementioned in this chapter by Eq. 
(22.4), the enhancement mechanism of iontopho-
resis involves electrorepulsion and electroosmo-
sis. Katikaneni et al. (2009) studied the effect of 
pretreatment with microneedles on the skin pen-
etration of acetaminophen, as a marker of elec-
troosmosis in vitro. Iontophoresis enhanced the 
penetration flux of acetaminophen by seven times 
across the pretreated skin, suggesting that elec-
troosmotic flow through microchannels made by 
the microneedles persisted. They also reported 
that the flux of a large molecular weight drug, 
daniplestim (MW = 12.76  kDa, pI = 6.2), was 
increased by electroosmosis under the combina-
tion of iontophoresis and microneedles. Using a 
mathematical simulation, Tojo (2005) discussed 
the importance of electroosmotic flow caused by 
an electric field for the synergistic effect of ionto-
phoresis and microneedle combination. The 
blood concentration of human growth hormone 
(MW = 22 kDa, pI = 5.0) in hairless guinea pig is 
shown in Fig.  22.10. The lines and plots in 
Fig. 22.10 express the simulation data and exper-
imental data from Cormier and Daddona (2003), 
respectively. Cormier and Daddona (2003) 
applied human growth hormone to the skin pre-
treated by Macroflux® (Zosano Pharm™, Inc.) 

Fig. 22.8  Synergistic enhancement of vitamin B12 by the 
combined use of sonophoresis and iontophoresis. The 
skin was pretreated by ultrasound (300 kHz) before start-
ing the experiment, and the electric field was applied four 
times during the experiment. Closed circles, combination 
of sonophoresis and iontophoresis; open triangles, ionto-
phoresis; open squares, sonophoresis; open circles, con-
trol experiment (Reproduced with permission from The 
Society of Chemical Engineers, Japan)
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d

b

c

a

Fig. 22.9  Penetration enhancement of lidocaine hydro-
chloride (LH, a positive charged molecule, (a)), benzoic 
acid (BA, a negative charged molecule, (b)), hydrocorti-
sone (HC, a nonionized and low molecular weight mole-
cule, (c)), and vancomycin hydrochrolide (VH, a positive 

charged and high molecular weight molecule, (d)). Closed 
circles, combination of sonophoresis and iontophoresis; 
open triangles, iontophoresis; open squares, sonophore-
sis; open circles, control experiment (Reproduced with 
permission from Pharmaceutical Society of Japan)

Table 22.3  The combined use of iontophoresis and microneedles

Drugs/chemicals Applied conditions Skin Ref.

ISIS2303 
(oligodeoxynucleotide)

MN: Macroflux®, pressed by finger force
IP: 0.1 mA/cm2, 4 h

Hairless guinea 
pig, in vivo

Lin et al. (2001)

D2O, FITC-dextrans (FD-4, 
FD-10, FD-40, FD-70, 
FD-2000)

MN: stainless, nine needles, 400 μm 
length, pressed at 1.6 kg/cm2 for 10 s
IP: 0.3 mA/cm2, 5 h

Hairless rat, 
in vitro

Wu et al. (2007)

Insulin-loaded nanovesicle MN: solid stainless, 296/2 cm2, 800 μm 
length, pressed at 9.0 N for 2 min
IP: 0.2 mA/cm2 with on/off ratio of 1:1, 5 h

SD rat, in vivo Chen et al. (2009)

Daniplestim MN: maltose, 162 needles, 500 μm length, 
pressed at 0.625 kg/cm2 for 60 s
IP: 0.5 mA/cm2, 6 h

Hairless rat, 
in vitro

Katikaneni et al. 
(2009)

Salmon calcitonin MN: maltose, 81 needles, 500 μm length
IP: 0.2 mA/cm2, 1 h

Hairless rat, 
in vivo

Vemulapalli et al. 
(2012)

Theophylline, methylene 
blue, fluorescein sodium, 
insulin, FITC-BSA

MN: PMVE/MA loaded with drug, 361 
needles, 600 μm length, pressed at 11 N 
and loaded 3.5 g weight on MN
IP: 0.5 mA, 6 h

Porcine, 
in vitro

Garland et al. 
(2012)

MN microneedle, IP iontophoresis
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and turned electric current off at 1 h (Fig. 22.10a) 
and at 4 h (Fig. 22.10b). Although the concentra-
tion of human growth hormone was under detec-
tion level in passive and iontophoresis-only 
application (data not shown), turning the current 
on/off under the combination of iontophoresis 
and microneedles controlled the time course of 
the plasma concentration. Each dashed and solid 
line in Fig. 22.10 in the study performed by Tojo 
(2005) was calculated on using a bilayer skin 
model assuming that the thickness of the stratum 
corneum by microneedles was reduced. The solid 
lines assumed that the electroosmotic flow across 
the skin continued for 30 min after iontophoresis 
was shut off. The solid lines approximately satis-

fied the transient profiles following the shutoff of 
the current after 1  h (Fig.  22.10a) and 4  h 
(Fig.  22.10b). This finding suggested that the 
electroosmotic flow caused the synergistic 
enhancement, and it did not stop immediately 
when the iontophoresis was terminated. 
Therefore, the electroosmotic flow is an impor-
tant factor of the combined use of iontophoresis 
and microneedle for the synergistic penetration 
enhancement of macromolecules.

�Conclusions

This chapter has overviewed the combined use 
of iontophoresis and other physical enhancers, 
electroporation, sonophoresis, and microneedle. 
While each physical enhancer has the advantage 
to increase the skin penetration flux of macro-
molecules, the application of physical enhancer 
is limited due to the undesirable and irreversible 
skin damages. However, the combination of 
physical enhancers brings us the possibility to 
enhance and control the skin penetration flux of 
proteins (i.e., peptides, antibodies, and interfer-
ons) and nucleic acids (i.e., oligonucleotides, 
micro-RNAs (miRNAs), and siRNAs). When 
the combined use of enhancers is investigated, 
we must pay attention to the enhancement 
mechanism of each physical enhancer and iden-
tify the appropriate combination. A practical 
approach to enhance the flux synergistically 
with iontophoresis is to use an enhancer that 
increases the drug flux without changing the 
electric properties of the skin tissue. Further 
detailed investigations are needed for control-
ling the flux of macromolecules by combining 
iontophoresis with other physica	 l enhancers.
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23.1	 �Introduction

The use of ultrasound to improve transdermal 
delivery of therapeutics dates back to the middle 
of the last century, and despite its long history 
relative to other transdermal delivery methods, it 
did not receive considerable attention until recent 
advances in the fundamental understanding of 
the technology were made during the last two 
decades (Polat et al. 2010, 2011a). An important 
contemporary milestone in the field was the 
switch from therapeutic or high-frequency ultra-
sound (HFU) (>0.7 MHz) to low-frequency ultra-
sound (<100 kHz) when treating skin (Mitragotri 
et al. 1995). Since this rejuvenation of the tech-
nology, the use of ultrasound for delivering drugs 
to, or through, the skin, also known as sonopho-
resis, has garnered considerable attention in both 
academic and clinical settings (Polat et al. 2010, 
2011a; Schoellhammer et al. 2014). The novelty 
of sonophoresis as a physical penetration 
enhancer, and especially with low-frequency 
sonophoresis, is that the mechanism of action is 
indirect. Specifically, the wealth of research in 
this area has shown that the main mechanism of 
transdermal enhancement with low-frequency 
sonophoresis is the ability of ultrasound to create 
cavitation bubbles and the subsequent action of 
these gaseous bubbles on the skin (Polat et  al. 
2011a, 2012). This can allow for generally milder 
treatments, because the aqueous coupling solu-
tion and dissolved gas primarily interact with the 
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skin while still allowing for tunable treatment 
parameters by controlling the applied ultrasound 
frequency, intensity, pulse, and duration of the 
exposure. In contrast, most other technologies 
either directly act on the skin itself (i.e., laser 
ablation or microneedles) or act on the solute 
being delivered (i.e., iontophoresis of charged 
species). Due to these attributes, sonophoresis 
allows for some unique opportunities to exploit 
its enhancement mechanisms in combination 
with other enhancers to create synergies. To date, 
the most common of these combination therapies 
utilizing ultrasound have been with chemical 
enhancers, specifically surfactants, and/or ionto-
phoresis, which are reviewed in Chapters. 25 and 
29 of Volume 4, respectively. In this chapter, the 
combination of sonophoresis with other physical 
enhancers will be discussed. Specifically, the 
focus of this chapter will be the combination of 
ultrasound with injections (Sect.  23.2), electro-
poration (Sect. 23.3), microneedles (Sect. 23.4), 
microdermabrasion (Sect.  23.5), and other fre-
quencies of ultrasound (Sect. 23.6) for transder-
mal applications.

23.2	 �Combination of Ultrasound 
and Injections

Despite using ultrasound primarily for physical 
therapy applications during its early years of use 
in medicine, it is interesting to note that multiple 
studies, dating to the 1950s, document the com-
bined use of steroid injections with therapeutic 
(~1  MHz) ultrasound (Newman et  al. 1958; 
Coodley 1960). Although these applications may 
not fit a strict definition of transdermal delivery 
as one may envision today, they are significant 
because they demonstrate that the unique attri-
butes of ultrasound were attempted to be com-
bined with more common drug delivery methods 
of the time. In fact, the mechanism of cavitation 
is even mentioned in a publication of this period 
(Mune and Thorseth 1963), indicating that there 
was some understanding of the mechanisms of 
ultrasound in medicine at that time.

The first of these studies was reported by 
Newman et  al., who investigated the effect of 

ultrasound on hydrocortisone injection for the 
treatment of bursitis of the shoulder (Newman 
et  al. 1958). Ultrasound was applied at 1  MHz 
and 0.8–3.0 W/cm2, for a duration of 5–10 min, 
either daily or every 3 days, for a total of 12 treat-
ments. A total of 225 patients were involved in 
the study, with the authors demonstrating that 
hydrocortisone injection, in combination with 
ultrasound treatment, provided equivalent or 
improved pain scores when compared to the con-
trol group. A similar study by Coodley, involving 
treatment of bursitis or posttraumatic lesions of 
different joints in the body, showed that the com-
bination of hydrocortisone injection with ultra-
sound generally provided more rapid recovery 
for patients (Coodley 1960). Forty-seven patients, 
with ailments of the shoulder, elbow, knee, ankle, 
or wrist, were treated with injection followed by 
ultrasonic therapy (1 MHz, 1–2 W/cm2, 5–6 min 
treatment duration). In all, only four of the 47 
patients observed little or no aid from the com-
bined therapy, with many patients experiencing 
more rapid recovery and clearing of symptoms 
that were resistant to other forms of therapy.

23.3	 �Combination of Ultrasound 
and Electroporation

Although not as common as iontophoresis, the 
combination of sonophoresis with electropora-
tion has been investigated with respect to the 
delivery of certain model charged species and a 
moderate molecular weight immunosuppressant 
drug (see Table 23.1) (Kost et al. 1996; Liu et al. 
2006, 2010). Electroporation is the process of 
increasing skin permeability by applying a high-
voltage, pulsed electric field across the skin and 
has been shown to act by the mechanism of elec-
trophoresis, electroosmosis, and enhanced diffu-
sion through the formation of transient, aqueous 
channels in the skin (Prausnitz et al. 1993; Denet 
et al. 2004). The first published investigation into 
the simultaneous combination of high-frequency 
ultrasound (HFU) and electroporation was con-
ducted by Kost et  al. (1996). In this study, the 
transport of two model permeants, calcein and 
sulforhodamine, were investigated in response to 
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10–150  V electric pulses (1 millisecond every 
min) in combination with 1 and 3 MHz HFU at 
an intensity of 1.4 W/cm2. Although no increase 
in skin permeability to either model permeant 
was observed with HFU alone, the combination 
of 1 MHz HFU and electroporation increased the 
flux of calcein by a factor of 2 and that of sul-
forhodamine by a factor of 3, compared to the 
enhancements observed by electroporation alone. 
Further, the lag time to steady-state diffusion 
across the skin was decreased by 40 %, relative to 
the case of electroporation alone, from 15 to 
9  min. However, when 3  MHz ultrasound was 
applied in place of 1 MHz ultrasound, very little 
synergism with electroporation was observed. 
This led the authors to conclude that the mecha-
nism of synergism between HFU and electropor-
ation was cavitation-induced disordering of the 
skin’s lipid bilayers and convection across the 
skin, as cavitational effects are inversely propor-
tional to ultrasound frequency. Furthermore, the 
authors concluded that convection-induced 
enhancement was dependent on the properties of 
the permeant considered. For example, the elec-
tric field played a larger role in the flux enhance-
ment of the more highly charged calcein (total 
charge of −4) than in the transport of sulforhoda-
mine (total charge of −1) across the skin, due to 
the role of electrophoresis (Kost et al. 1996).

In another series of studies, Liu et  al. investi-
gated the effect of chemical enhancers, ultrasound, 
and electroporation treatment, either individually or 
in-series, on the transdermal uptake and delivery of 
the uncharged immunosuppressant Cyclosporine A 
(molecular weight of ~1200 g/mol) (Liu et al. 2006, 
2010). Note that the treatment modality in this case 
is significantly different than in the study conducted 
by Kost et al. (Kost et al. 1996), because the electro-
poration, ultrasound, and chemical enhancer treat-
ments were all decoupled and occurred in series, 
rather than with simultaneous application. In both 
publications by Liu et  al., if applied, chemical 
enhancers (azone, sodium cholate, sodium thiosul-
fate, menthol, N-Methyl pyrrolidine, dimethyl sulf-
oxide, and sodium dodecyl sulfate at varying 
concentrations in ethanol or water), were utilized 
first to treat skin samples for an incubation time of 2 
h. The chemical enhancer solution was then 

replaced with a 0.5 % Cyclosporine A in 60 % 
saline/40 % ethanol solution to be used as the cou-
pling medium for both electroporation and ultra-
sound treatment. Then, if applied, the skin was 
treated with 110 V electric pulses every 20 s (300 ms 
pulse length) for 10–20  min. Finally, if applied, 
ultrasound treatment was conducted, at a frequency 
of 20 kHz, an intensity of 0.8 W/cm2, a 50 % pulse 
length (1 s ON: 1 s OFF), a transducer to skin dis-
tance of 0.5 cm, and a total treatment time of 30 min 
(Liu et al. 2006, 2010). Based on the mode of treat-
ment of each enhancer in these studies, which effec-
tively decoupled their ability to interact with one 
another, one would not expect to observe a large 
extent of synergism, which was the case. Only mod-
est enhancements over controls were reported when 
ultrasound and electroporation were combined, 
with slightly higher delivery when a trimodal treat-
ment, including an azone pretreatment, was utilized. 
These mild “synergistic” interactions were attrib-
uted to partial disorganization of the stratum cor-
neum lipids, making them more susceptible to the 
other modes of treatment (Liu et al. 2006, 2010). 
Subsequent histological examination of the skin 
under these different treatment regimens showed no 
evidence of structural damage. Subsequent studies 
have further investigated the use of in-series treat-
ment utilizing electroporation (1 ms, 300 V pulses) 
followed by 20 kHz ultrasound at 6.1 W/cm2 for 
2 min for the delivery of 4.4 kDa dextran labeled 
with fluorescein isothiocyanate (Petchsangsai et al. 
2014). A synergistic increase in the measured flux 
was achieved compared to the flux achieved with 
either method alone (Petchsangsai et  al. 2014). 
Other studies have noted only minimal enhance-
ment as a result of the combination of electropora-
tion with ultrasound utilizing an in-series treatment 
regimen, suggesting that the method is highly regi-
men dependent (Zorec et al. 2015).

23.4	 �Combination of Ultrasound 
and Microneedles

Similar to the work involving sonophoresis and 
injection combination therapies outlined in 
Sect. 23.2, recent work by Yoon et al. investigated 
the combination of an in-series treatment 
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involving microneedle application to the skin 
coupled with ultrasound therapy (Yoon et  al. 
2009, 2010). Specifically, the study evaluated the 
efficacy of ultrasound-assisted glycerol delivery 
through the skin pretreated with microneedles, 
for skin optical clearing applications. As the 
inherent structure of the skin causes significant 
scattering and low transmission of light, skin 
optical clearing can be important in the applica-
tions of skin diagnosis and therapy. In this study, 
solid microneedles with a diameter of 70 μm and 
a length of 500  μm were first utilized to treat 
ex vivo porcine skin. Subsequently, a 70 % glyc-
erol solution was applied to the treated skin area 
utilizing 1  MHz ultrasound, at an intensity of 
2 W, for up to 60 min. Comparison of the reduced 
scattering coefficients of treated skin showed that 
the combination of ultrasound and microneedles 
resulted in the relative contrast of the skin 
increasing by over twofold compared to samples 
treated only with microneedles (Yoon et al. 2009, 
2010). Other studies have investigated the combi-
nation of microneedles with ultrasound for the 
delivery of therapeutically relevant small mole-
cules, such as lidocaine, carbohydrates, and 
model proteins (Han and Das 2013; Petchsangsai 
et al. 2014; Nayak et al. 2016). Han et al. investi-
gated the use of microneedle application fol-
lowed by 20 kHz ultrasound for the delivery of 
bovine serum albumin (Han and Das 2013). Solid 
microneedles with lengths between 1.2 and 
1.5 mm were used followed by sonication with 
20  kHz ultrasound at an intensity of 15  W for 
10  min. Han et  al. found that this method 
enhanced the permeability of bovine serum albu-
min approximately tenfold over passive diffu-
sion, and approximately 2.5-fold over the use of 
either microneedles or ultrasound alone (Han and 
Das 2013). The delivery of lidocaine was also 
enhanced using this combination strategy over 
the use of either microneedles or ultrasound 
alone (Nayak et al. 2016). Specifically, the deliv-
ery of lidocaine from hydrogel formulations was 
enhanced almost fivefold 30 min after treatment 
(Nayak et al. 2016). Petchsangsai et al. have also 
reported synergistic effects of combining 
microneedle, electroporation, and sonophoresis 
treatment regimens to deliver 4.4 kDa fluorescein 

isothiocyanate-dextran. Their findings showed 
that trimodal application (of all three physical 
enhancers) provided greater skin permeation of 
the model compound compared to any dual 
modality treatment, with no appreciable skin 
damage observed under any treatment regimen 
(Petchsangsai et al. 2014).

In contrast to the previously described studies, 
Chen et  al. developed a system involving hollow 
microneedle arrays through which ultrasound 
could be transmitted for direct delivery of drugs 
into the viable epidermis (Chen et al. 2010). The 
authors manufactured 80  μm in diameter by 
100  μm in length hollow microneedles, with a 
ceramic membrane applied directly to the back of 
the microneedle array emitting ultrasound at 
20 kHz and intensities between 0.1 and 1 W/cm2. 
The authors demonstrated that the delivery of both 
small (calcein, MW ~ 623 g/mol) and large (bovine 
serum albumin, MW ~ 66,430  g/mol) molecules 
was significantly improved with the sonophoreti-
cally enhanced microneedle arrays (SEMAs), rela-
tive to each modality individually or to native skin. 
In fact, the SEMAs increased the flux of both small 
and large model permeants by approximately an 
order of magnitude relative to native skin. The 
authors explained their findings by proposing that 
cavitation generated in the hollow microneedles, as 
a result of the applied ultrasound, would cause bulk 
flow of material through the microneedles, thereby 
depositing their contents directly into the skin in 
proximity to the dermal vasculature. Further, heat 
generated by dissipation of the applied acoustic 
waves could cause enhanced diffusivity of the drug 
compounds, as well as increased absorptivity of the 
surrounding tissue (Chen et al. 2010). Therefore, 
this novel, fabricated device may be an exciting 
new advancement in the field of combined trans-
dermal therapies.

23.5	 �Combination of Ultrasound 
and Microdermabrasion

A unique 2008 clinical study by Dudelzak et al. 
investigated the use of microdermabrasion 
skin treatments, followed by high-frequency 
sonophoresis, through a complex containing 
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hyaluronic acid, retinol, and peptide, in the treat-
ment of photo-aged skin (Dudelzak et al. 2008). 
Microdermabrasion is a process that involves 
mechanical exfoliation of the skin, which is com-
monly used for the treatment of photodamage 
and acne scarring, among other skin conditions. 
Specifically, inert abrasive crystals, such as alu-
minum oxide, are propelled at the skin surface 
and subsequently discarded along with any mate-
rial removed from the skin. For this study, the 
authors hypothesized that skin dryness, texture, 
hue, tone, and the presence of rhytids could be 
improved by combining the benefits commonly 
seen from microdermabrasion, followed by the 
delivery of a topical complex by sonophoresis 
(Dudelzak et al. 2008).

Patients enrolled in the study were adminis-
tered once-weekly treatments for a total of 8 
weeks, which involved microdermabrasion and 
subsequent ultrasound-assisted delivery of the 
photorejuvenating complex (Dudelzak et  al. 
2008). Ultrasound treatments were administered 
at a frequency of 3 MHz, an intensity of 1.4 W/
cm2, and a duration of 5 min. In between these 
treatments, patients manually applied the topical 
complex and sunscreen twice daily. Patients were 
evaluated both at baseline and at 3 months fol-
lowing the final treatment, by both patient/inves-
tigator scoring and histological examination. 
Histological results showed evidence of increased 
vasculature, type I and III collagen deposition, 
and increased collagen fiber diameter, all indica-
tors of injury repair and dermal remodeling by 
the applied treatment. Investigator and patient 
scores also demonstrated improvements in all the 
categories evaluated, suggesting that combined 
microdermabrasion and ultrasonic delivery of 
skin rejuvenating products may be an effective 
way of treating patients with photodamaged skin 
(Dudelzak et al. 2008).

23.6	 �Combination of Multiple 
Ultrasound Frequencies

Although the chapter, to this point, has discussed 
studies involving combinations of sonophoresis 
with other physical enhancers, a new exciting 

approach to exploiting the fundamental physical 
mechanisms of sonophoresis has recently been 
proposed, through the simultaneous application 
of low-frequency and high-frequency ultrasound 
on skin (Schoellhammer et  al. 2012). It is well 
known that the diameter of cavitation bubbles 
produced by ultrasound is inversely proportional 
to the applied ultrasound frequency (Polat et al. 
2011b, 2012). Therefore, it follows that higher 
ultrasound frequencies typically produce a larger 
population of smaller diameter bubbles, while 
lower frequencies produce a smaller population 
of larger diameter bubbles. The work of 
Schoellhammer et al. found that by streaming a 
large number of bubbles, produced by high-
frequency ultrasound (1–3 MHz), across the sur-
face of skin, and subsequently collapsing those 
bubbles at the skin surface by simultaneously 
applying low-frequency ultrasound, a much 
larger and more uniform area of the skin could be 
permeabilized (Schoellhammer et al. 2012). The 
setup for the experiments is shown in Fig. 23.1.

In these experiments, high-frequency ultra-
sound at 1 and 3 MHz was investigated, in com-
bination with low-frequency ultrasound at 20, 40, 
and 60  kHz (Schoellhammer et  al. 2012). The 
intensity of the applied ultrasound was 1.5  W/
cm2 and 8 W/cm2 for the high and low frequen-
cies, respectively. In addition to the frequency 
combinations, the effects of duty cycle (pulsed 
1 s ON: 1 s OFF, or continuous) and a chemical 
enhancer in the coupling solution, sodium lauryl 
sulfate (SLS), were also investigated. Initial 
experiments were carried out utilizing a physical 
dosimeter and aluminum foil pitting, to assess the 
size and quantity of cavitation bubbles produced 
by the different treatments. These experiments 
showed that the number of pits and the total pit-
ted area of samples treated with all frequency 
combinations, utilizing a phosphate-buffered 
saline (PBS)-coupling solution, increase dramati-
cally relative to controls in which only low-
frequency ultrasound is utilized. When SLS was 
added to the coupling solution, the results were 
not as straightforward, however. Specifically, the 
combination of 20 kHz ultrasound and either 1 or 
3 MHz ultrasound was statistically insensitive to 
the presence of SLS in the coupling solution. 
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However, both 40  kHz and 60  kHz ultrasound, 
combined with either 1 or 3  MHz ultrasound, 
caused total pitted area values to drop nearly to 
the level of control samples treated only with the 
lower frequency (single-frequency treatment) 
when SLS was present. The authors explained 
that this observation was a result of SLS adsorp-
tion to the cavitation bubbles inhibiting bubble 
growth and coalescence, due to electrostatic 
effects, and a decrease in the surface energy of 
the bubbles, due to a decrease in the surface ten-
sion of the bubbles. Because the 40  kHz and 
60  kHz frequencies generate bubbles that are 
smaller than those generated by the 20 kHz fre-
quency, gas nuclei are not able to grow above the 
threshold size for cavitation bubbles to form and, 
therefore, dissolve back into solution due to the 
Laplace pressure. Further, the authors explained 
that bubbles that do collapse at the skin surface 
may be less energetic, due to a decrease in sur-
face tension due to surfactant adsorption, result-
ing in either smaller pits or in pits that cannot be 

observed on the aluminum foil. These mechanisms, 
however, were argued to be less important at 
20 kHz, which is supported by the data, because the 
bubbles would be generally larger at 20 kHz and 
less sensitive to the Laplace pressure. As a result, 
these bubbles have sufficient energy to create 
observable pits on the aluminum foil. Duty cycle 
was found to have no statistically significant effect 
in these experiments (Schoellhammer et al. 2012).

The optimal condition observed in the alumi-
num foil pitting experiments was then utilized to 
carry out in vitro experiments with porcine skin 
(Schoellhammer et  al. 2012). Specifically, for 
these experiments, the combination of 20  kHz 
ultrasound and 1 MHz ultrasound utilizing a 1 % 
SLS in PBS solution was investigated relative to 
controls. The results were consistent with the pre-
vious pitting experiments, where skin samples 
treated for 6  min using the dual-frequency 
approach yielded observable skin perturbation on 
27 % of the skin surface, while less than 5 % was 
observable in samples treated with 20 kHz alone. 

High-frequency
US horn

Coupling
solution

Mounting
cone

Low-frequency
US horn

a

c

b

Fig. 23.1  Illustration of an experimental setup in which 
a large population of bubbles are generated with the high-
frequency ultrasound horn, parallel to the skin surface (a), 
followed by application of the low-frequency ultrasound, 

perpendicular to the skin surface (b), and subsequent col-
lapse of the bubbles in the vicinity of the skin (c) causing 
perturbation to the skin surface (Reprinted, with permis-
sion, from Elsevier) (Schoellhammer et al. 2012)
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The transdermal delivery of model low molecular 
weight (glucose) and high molecular weight (inu-
lin) hydrophilic compounds was also investigated 
through dual-frequency and single-frequency 
treated samples. The simultaneous application of 
20 kHz and 1 MHz was found to decrease the lag 
time to delivery of both glucose and inulin 
through the skin samples. Further, the quantity of 
glucose delivered using the dual-frequency treat-
ment was enhanced by a factor of 2.7–13.6 times, 
and the quantity of inulin delivered was enhanced 
by a factor of 2.0–3.8 times, relative to that deliv-
ered with 20 kHz ultrasound alone, in 2–6 min of 
total treatment time (1–3 min of ultrasound expo-
sure at 50 % duty cycle) (Schoellhammer et  al. 
2012). The authors concluded that the combina-
tion of dual ultrasound frequencies could be opti-
mized to enhance skin permeability more 
uniformly across the skin surface, which could 
decrease the necessary treatment area to achieve 
therapeutic levels of delivery.

In a more recent study, Schoellhammer et al. 
investigated the mechanism of enhancement and 
the tolerability of treatment utilizing 20 kHz and 
1  MHz ultrasound both in  vitro and in  vivo 
(Schoellhammer et  al. 2015). Specifically, the 
authors investigated the flux of 4  kDa dextran 
across the skin treated with either 20  kHz and 
1  MHz ultrasound or 20  kHz ultrasound alone 
and found a 2.5-fold and sixfold increase in flux 
at treatment times of 6 and 8 min, respectively. 
Interestingly, this increase in flux at both treat-
ment times was larger than the increase in the 
area of the skin that was permeabilized as a result 
of ultrasound treatment, suggesting that treat-
ment with 20 kHz and 1 MHz ultrasound results 
in a larger area of the skin being made permeable, 
with a higher permeability achieved than that 
using 20 kHz ultrasound alone. Schoellhammer 
et al. confirmed this result through the estimation 
of pore sizes in the skin as a result of the treat-
ment utilizing hindered transport theory (Polat 
et al. 2011b). Indeed resulting pore sizes in the 
skin treated with 20 kHz and 1 MHz ultrasound 
were an order of magnitude larger than those 
generated as a result of treatment with 20  kHz 
ultrasound alone (Schoellhammer et  al. 2015). 
Dual-frequency ultrasound was also shown by 

histology to result in a comparable level of tissue 
perturbation as that achieved with 20 kHz ultra-
sound alone both in vitro and in vivo, suggesting 
that this method should be just as tolerable as the 
use of 20  kHz alone, which is FDA-approved 
(Schoellhammer et al. 2015).

�Conclusions

In this chapter, we have discussed the combi-
nation of ultrasound and other physical 
enhancers, such as injections, electropora-
tion, microneedles, and microdermabrasion, 
as well as the simultaneous use of low-fre-
quency and high-frequency ultrasound, for 
enhanced transdermal delivery applications. 
As discussed, despite a long research history 
in the area of sonophoresis, few reported 
studies have focused on the combination of 
ultrasound and other physical enhancers, 
except for iontophoresis. Further, many of 
these studies have been carried out in a proof-
of-concept manner, with emphasis on testing 
the feasibility of the underlying idea, but with 
little discussion on clinical or practical rele-
vance, as well as with regard to understanding 
the mechanisms underlying the observed 
increased enhancements. In other words, the 
fundamental mechanisms of interaction 
between ultrasound and other physical 
enhancers are not that well understood, which 
provides an interesting area of potential future 
research.
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24.1	 �Introduction

Oral formulations of drugs such as tablets and 
capsules and injections are two of the main drug 
formulations used. However, the use of tablets 
and capsules is not always feasible due to easy 
drug degradation in the gastrointestinal tract and 
possible first-pass effect in the liver. Injections 
are limited by pain at the injection site, possible 
infection during and after injection, and difficult 
self-administration. To avoid these problems, 
transdermal drug delivery has gradually gained 
attention as a third route of drug administration. 
It is difficult, however, to efficiently deliver ther-
apeutically effective doses of drugs through the 
skin into the systemic circulation due to the large 
barrier function of the stratum corneum, the out-
ermost layer of the skin. In order to overcome 
the formidable barrier of the stratum corneum 
to drug permeation, several skin penetration-
enhancing strategies by physical means have 
been developed, such as iontophoresis (Kalia 
et  al. 2004), electroporation (Prausnitz et  al. 
1993), phonophoresis (Mitragotri et  al. 1995), 
and microneedles (Henry et  al. 1998). Among 
these physical means, microneedle array can be 
utilized as an effective transdermal drug delivery 
system (TDDS) due to its advantage of provid-
ing a high-performance means to deliver thera-
peutic drugs through the skin barrier without 
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causing marked skin damage (McAllister et  al. 
2003; Kaushik et  al. 2001; Wu et  al. 2007). 
Microneedle arrays can be made of polymers, 
metal, silicone rubber, polysaccharides, etc., and 
create new pores in the stratum corneum barrier 
to enlarge the permeation pathways of several 
drugs (Martanto et  al. 2004; Lin et  al. 2001; 
Matriano et al. 2002; Hafeli et al. 2009; Li et al. 
2009; Ding et al. 2009; Al-Qallaf and Das 2009; 
Badran et  al. 2009). As compared to hypoder-
mic needle injection, microneedles can provide a 
minimally invasive means of painless, precisely 
controlled, and convenient delivery of therapeu-
tic molecules into the skin, and the technique 
seldom causes infection (Kaushik et  al. 2001). 
Furthermore, microneedles can create nanome-
ter or micrometer-scale transport pathways suf-
ficiently large enough to deliver macromolecules 
and even drug-loaded nanoparticles into the skin 
(McAllister et al. 2003). Thus, microneedles can 
be used not only to enhance transdermal delivery 
of small molecules but also, more importantly, 
to increase the skin permeation of macromol-
ecules, such as proteins and DNA.  Especially, 
for transdermal delivery of macromolecules, the 

microneedle system is considered a revolution-
ary technique, as other conventional enhancing 
techniques is not able to provide therapeutic 
drug levels at the target site.

The schematic illustration of microneedle 
array made by acupuncture needles is shown in 
Fig. 24.1.

Since microneedles can provide a mini-
mally invasive means of delivery of therapeutic 
molecules into the skin (Matriano et  al. 2002), 
the combination of barrier impairment using 
microneedles and following iontophoresis or 
electroporation can be expected as a means to 
broaden the range of drugs suitable for trans-
dermal delivery; however, few studies have 
reported on the combination of iontophoresis or 
electroporation with microneedle technologies. 
Thus, in this chapter, the synergistic action of 
iontophoresis or electroporation after combina-
tion with microneedle was considered to further 
increase the skin permeation and bioavailability 
of high molecular weight compounds, due to the 
achievement of a longer duration of pore open-
ing which leads to higher skin permeation of 
macromolecules.
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Fig. 24.1  Schematic illustration of microneedle array 
made by acupuncture needles. (a) Top view, (b) back 
view, (c) one needle. Each needle tapered over a 400-μm 
length to a sharp tip with 28° angle, and the base diameter 

was approximately 200 μm. The microneedle array was 
manually pressed onto the rat skin, with the stratum cor-
neum facing uppermost, at an approximate pressure of 
1.6 kg/cm2 for 10 s
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24.2	 �Physical Methods 
(Electroporation and 
Iontophoresis) to Increase 
Skin Permeation of High 
Molecular Weight 
Compounds

In order to overcome the high barrier function in 
the stratum corneum for delivering these macro-
molecular drugs through the skin, several 
penetration-enhancing physical means have 
already been evaluated in addition to chemical 
enhancers to promote their skin permeation, such 
as iontophoresis (Chien and Banga 1989), elec-
troporation (Prausnitz et al. 1993), phonophore-
sis (sonophoresis) (Mitragotri et  al. 1995), and 
microneedles (McAllister et al. 2003), as afore-
mentioned. These physical means usually show 
higher penetration-enhancing ability than 
chemical penetration enhancers, like low molec-
ular alcohols and aliphatic esters (Bhatia and 
Singh 1999). Iontophoresis has been shown to 
increase the skin permeation of many molecules 
(Wu et  al. 2007). Leduc had shown nearly 100 
years ago that this technique could be used to 
deliver drugs across mammalian skin in vivo, but 
this did not gain scientific prominence until 20 
years ago (Chien and Banga 1989). Iontophoretic 
flux is obtained not only due to electrorepulsion 
but also electroosmotic solvent flow, which is 
generated from anode to cathode by anodal ion-
tophoresis. Thus, iontophoresis can be used to 
enhance transdermal delivery of ionic drugs as 
well as nonionic compounds. In the present chap-
ter, iontophoresis-induced electroosmotic flow, 
electroosmosis, was combined with microneedle 
drug delivery as a “push force.” The question 
now is whether the electrical properties of the 
skin, which are the origin of electroosmotic flow 
(Pikal 2001), are affected by microneedle pre-
treatment. Physical abrasion of the stratum cor-
neum and the application of a depilatory cream 
on the skin surface can facilitate the iontopho-
retic delivery of insulin (Kari 1986; Kanikkannan 
et  al. 1999). However, removal of the stratum 
corneum by tape stripping decreased or even 
abolished the skin electroosmotic flow (Abla 
et  al. 2005). Hirsch et  al. also reported that 

iontophoresis applied on stripped skin did not 
result in a higher drug delivery than iontophore-
sis alone (Hirsch et  al. 2005). The question 
whether iontophoresis in conjunction with physi-
cal impairment of the skin barrier can further 
enhance the transdermal delivery of high molecu-
lar weight compounds must therefore be related 
to the electrical properties of the skin, i.e., elec-
troosmotic flow, after the pretreatment. On the 
other hand, another physical means, electropora-
tion technology, widely used for introducing 
deoxyribonucleic acid (DNA) and ribonucleic 
acid (RNA) into cells, biological tissues, and bac-
teria (Zimmermann et  al. 1973; Neumann and 
Rosenheck 1972), is also an attractive skin 
penetration-enhancing method (Prausnitz et  al. 
1993, 1995). Electroporation involves the cre-
ation of tiny and transient aqueous pathways 
(pores) in the transcellular lipid region in the stra-
tum corneum barrier by applying a high-voltage 
pulse for a very short period (millisecond order) 
(Chen et  al. 1999). Electroporation application 
with a high-voltage electric pulse for a short 
period results in the enhanced permeation of high 
molecular weight compounds (molecular weight 
of several hundreds to kilodaltons) through the 
skin (Wong et al. 2006; Tokumoto et al. 2006). 
For both microneedles and electroporation, in 
spite of their different mechanisms, enhancement 
of the skin permeability of drugs is a result of the 
creation of new permeation pathways in the stra-
tum corneum; however, the pathways do not per-
sist, so that the skin barrier function is recovered 
immediately after the pathways close up. 
Transepidermal water loss (TEWL), an index of 
skin permeability for drugs (Zhou et  al. 2010), 
increases after the application of microneedles or 
electroporation and then decreases with time, 
which explains the recovery of the skin barrier 
function. In this chapter, the new combination of 
microneedles and electroporation, the so-called 
in-skin electroporation (IN-SKIN EP), was 
developed to combine the advantages of 
microneedles and electroporation.

To date, iontophoresis and electroporation 
have shown great success in increasing skin per-
meation of many low molecular weight mole-
cules. The transport of large molecules, however, 
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remains a challenge (Abla et al. 2006). Since the 
microelectronics industry could fabricate uni-
form arrays of micron-scale needles, micronee-
dle systems gained high interest as transdermal 
drug delivery systems. However, only few studies 
have reported on the combination of iontophore-
sis or electroporation with microneedles. 
Therefore, in the present chapter, the enhance-
ment of skin permeation of high molecular 
weight compounds by a combination of 
microneedles and iontophoresis or electropora-
tion is discussed (Wu et al. 2007).

24.3	 �The Synergistic Effect  
of Iontophoresis and 
Microneedles on the Skin 
Permeation of High 
Molecular Weight 
Compounds

Two model compounds with low and high molec-
ular weight, deuterium oxide (D2O) and fluores-
cein isothiocyanate (FITC)-dextrans (FDs) 
(FD-4, FD-10, FD-40, FD-70, and FD-2000; 
average molecular weight of 4.3, 9.6, 42.0, 71.2, 
and 200.0 kDa, respectively), were used, and the 
effect of microneedle pretreatment and iontopho-
resis on their in vitro permeation was evaluated 
(Wu et.al. 2007).

The following figure shows the modified dif-
fusion cell according to Pikal and Shah (1990) 

and Kobatake et  al. (1968) in order to directly 
measure the electroosmotic volume flow across 
the skin.

In vitro skin permeation experiment was per-
formed in order to evaluate the synergistic effect of 
iontophoresis and microneedle system on the skin 
permeation profiles for of FDs and D2O. Hairless rat 
skin was excised and then mounted between two 
chambers of side-by-side diffusion cells (each 
5.0 mL in volume and 0.95 cm2 in effective diffu-
sion area) (Fig. 24.2) for iontophoresis, to conduct 
the permeation experiment. The stratum corneum 
side of the skin faced the drug donor chamber. 
FD-4, FD-10, FD-40, FD-70, or FD-2000 (1.0 mg/
mL) in 1/30  M phosphate-buffered saline (PBS, 
pH 7.4) was added to the donor side, and PBS alone 
was added to the receiver side. In D2O permeation 
experiments, D2O was added to the donor cell 
instead of FD solution. After adding FDs or D2O on 
the stratum corneum side, the passive transport of 
FDs and D2O was first monitored for 5 h as a pre-
iontophoretic period. Next a constant current of 
0.29 mA (0.3 mA/cm2) was then delivered to the 
electrodes for the next 5 h, with the anode and cath-
ode in the donor and receiver compartments, respec-
tively, during the iontophoretic period. After 
termination of the current, post-iontophoretic pas-
sive transport was measured for a further 5 h.

The results of skin permeation of high and low 
molecular weight compounds obtained by the 
combination of microneedles and iontophoresis 
are shown in Figs. 24.3 and 24.4.

Fig. 24.2  Schematic illustration of diffusion cell used to 
measure solvent volume flow. (a) Capillary tube having an 
inner diameter of 1.0 mm, (b) calibrated paper, (c, d) Ag/AgCl 

electrodes (anode and cathode), (e) Teflon mesh of 0.5-mm 
thickness and several holes of 1.0-mm diameter, (f) excised 
hairless rat skin, (g) magnetic stirrer bar, (h) magnetic stirrer
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The cumulative amount of FDs that permeated 
through microneedle-pretreated skin showed a spe-
cial behavior pattern, i.e., long lag time, and the 
passive permeability of FDs was increased during 
post-iontophoresis duration. The lag time of FD-4, 
FD-10, FD-40, FD-70, and FD-2000 was 0.36 h, 
1.66  h, 1.17  h, 1.18  h, and 2.82  h, respectively, 
which showed a tendency to being dependent on 
their molecular weight. Moreover, the combination 
of microneedle pretreatment and subsequent ionto-
phoresis significantly enhanced FD flux compared 
with microneedle pretreatment alone or iontopho-
resis alone. In contrast, microneedle pretreatment 
of the stratum corneum did not further increase the 
cumulative amount and the flux of D2O.  These 
results suggest that the combination of iontophore-
sis with microneedle pretreatment may be a useful 
means to further increase skin permeation of high 
molecular weight compounds.

24.4	 �The Synergistic Effect of 
Electroporation and 
Microneedles on the Skin 
Permeation of High 
Molecular Weight 
Compounds

A minimally invasive method was developed for 
the delivery of macromolecular drugs to the 
deep skin layers, the so-called in-skin electro-
poration (IN-SKIN EP). Each microneedle 
could serve as a microelectrode for electropora-
tion, which forms an electric field inside the 
skin barrier. After the IN-SKIN EP application, 
drugs are administered to the skin surface to be 
delivered into the deeper skin layers. This 
method is different from conventional electro-
poration (ON-SKIN EP), where electrodes are 
applied just on the skin surface. IN-SKIN EP 

Fig. 24.3  Permeation of D2O and FDs through intact and microneedle-pretreated hairless rat skin before (0–5 h), dur-
ing (5–10 h), and after (10–15 h) iontophoresis at 0.3 mA/cm2
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may facilitate the delivery of high molecular 
weight and hydrophilic compounds to the deep 
skin. Furthermore, it affects only a shallow 
region of the skin, not deep skin layers by the 
microneedle-electrode array; thus, IN-SKIN EP 
probably increases skin permeability but with 
low skin irritation. The microneedle-electrode 
array for IN-SKIN EP application is shown in 
Fig. 24.5. Positive and negative electrodes were 
alternately arranged on the silicon sheet with 
4.0-mm spacing, as shown in Fig. 24.5b. Each 
needle was 400-μm long with a 28° angle bev-
eled tip, and the base diameter of the needle was 
approximately 200 μm, as shown in Fig. 24.5c. 
Figure 24.5d shows a scanning electron micro-
scope (SEM) image of one microneedle tip. In 
order to compare the effect of IN-SKIN EP with 
conventional ON-SKIN EP, the needle tips of 
the microneedle array were filed and struck with 
a file and hammer to make them obtuse, as 

shown in Fig. 24.5e. This obtuse tip needle array 
was used to apply electroporation at various 
points on the skin surface for ON-SKIN EP 
(where the microneedle electrodes were applied 
on skin), which was the control experiment to 
evaluate the IN-SKIN EP.

FITC-dextran (FD-4; average molecular 
weight, 4.3  kDa) was selected as a model high 
molecular weight compound. The skin perme-
ation experiment with FD-4 was performed after 
the pretreatment of excised hairless rat skin with 
IN-SKIN EP, ON-SKIN EP, or microneedles 
alone. Figure 24.6 shows the time course of the 
cumulative amount of FD-4 that permeated 
through the skin pretreated with microneedles, 
ON-SKIN EP (200  V, 10  ms, 10 pulses), or 
IN-SKIN EP (200 V, 10 ms, 10 pulses). The con-
trol experiment (no pretreatment) is also shown 
and was performed to establish a method with 
reproducible results.

Fig. 24.4  Flux of D2O and FDs through intact and microneedle-pretreated hairless rat skin before (0–5 h), during 
(5–10 h), and after (10–15 h) iontophoresis at 0.3 mA/cm2
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Small FD-4 (0.03 μg/cm2) permeated through 
the intact skin over 8  h, whereas microneedles 
and ON-SKIN EP pretreatment enhanced the 
FD-4 permeation through the skin approximately 
sevenfold (0.20  μg/cm2) and 20-fold (0.61  μg/

cm2), respectively. Furthermore, the IN-SKIN EP 
provided a 140-fold (4.17 μg/cm2) increased per-
meation compared with the control permeation, 
suggesting a great synergistic effect of micronee-
dles and IN-SKIN EP. These results indicate that 
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Fig. 24.5  Schematic illustration of microneedle-electrode array made by acupuncture needles. (a) Top view, (b) back 
view, (c) side view, (d) microphotograph of needle tip, (e) microphotograph of obtuse needle tip for ON-SKIN EP
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the IN-SKIN EP can effectively deliver high 
molecular weight and hydrophilic drugs into the 
skin, which was probably due to a great 
synergistic effect of microneedles and ON-SKIN 
EP on the permeation of drugs.

�Conclusion

In the present chapter, the enhancement of skin 
permeation of high molecular weight com-
pounds by a combination of microneedles and 
iontophoresis or electroporation was discussed. 
The combination of microneedle pretreatment 
and following iontophoresis enhanced the skin 
permeation of large molecules such as FD-4, 
FD-10, FD-40, FD-70, and FD-2000. In con-
trast, microneedle pretreatment of the stratum 
corneum did not further increase the iontopho-
retic transport of D2O used as a model of low 
molecular weight compounds. On the other 
hand, it was concluded from the present results 
of the in  vitro permeation experiment with 
FD-4 that the treatment with microneedles or 
ON-SKIN EP alone increased the permeation 
of FD-4 through excised hairless rat skin and 
that the IN-SKIN EP further increased the skin 

permeation, which was due to a great synergis-
tic effect of microneedles and ON-SKIN 
EP.  The present chapter demonstrated that 
physical pretreatment with microneedle punc-
ture of the skin barrier, in combination with 
iontophoresis or electroporation, can further 
enhance the transdermal delivery of high 
molecular weight compounds. Further investi-
gation is necessary to more precisely control 
the permeation of large molecular weight com-
pounds by using microneedles with iontopho-
resis or electroporation.
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25.1	 �Introduction

Physical techniques, such as iontophore-
sis (Kumar and Banga 2012; Gratieri et  al. 
2011; Luzardo-Alvarez et  al. 2001), ultrasound 
(phono- or sonophoresis) (Herwadkar et al. 2012; 
Sarheed and Abdul Rasool 2011), electropora-
tion (Yan et  al. 2010; Charoo et  al. 2010), and 
heat (Petersen et al. 2011; Carter 2003) are used 
to increase molecular transport across the skin. 
Several articles have been devoted to understand-
ing and describing the mechanisms of membrane 
permeation. During heat-enhanced transport, 
for example, locally applied thermal energy 
improves a host of factors, such as body fluid cir-
culation, drug solubility, and skin permeability. 
Akomeah and co-investigators (2004) suggested 
that the diffusion coefficient of the drug in the 
vehicle depended on the temperature, and there-
fore could explain the increase in the delivery 
rate. According to other authors, the improve-
ment in flux, following heat exposure, is the 
result of an increase in the fluidity of the stratum 
corneum lipids (Ohara et al. 1995).

In iontophoresis, transport of the drug mole-
cules across the skin barrier is promoted by a 
small electric current applied to the skin. Cationic 
drugs are placed under the anode, while nega-
tively charged medicaments are positioned at the 
cathode. A battery is included in the device to 
transport the drug from a donor solution into the 
tissue. The return electrode, immersed in a buffer 
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solution, is used to close the electrical circuit 
(Junginger 2002). Movement of ions is due to 
diffusion and iontophoretic and electroosmotic 
components. The electroosmotic flow through 
aqueous channels makes it possible to deliver 
neutral and uncharged molecules. Important fac-
tors contributing to iontophoretic transport are 
the solution pH, current intensity and duration, 
competing ions, applied drug concentration, 
molecular weight, convective transport, and the 
mode of operation (i.e., continuous versus pulsed 
current) (Bronaugh and Maibach 1999).

Chemical enhancement has also been applied 
to alter the barrier function of the stratum 
corneum and increase the skin permeability. 
Ideally, chemical penetration enhancers (CPEs) 
should be nontoxic and compatible with the 
drugs and excipients contained in the formula-
tion (Williams and Barry 2004). These sorption 
promoters include compounds such as sulfox-
ides, azone, pyrrolidones, fatty acids, alcohols, 
and essential oils (Williams and Barry 2004). 
This technology offers several advantages. 
Medications (e.g., labetalol hydrochloride) that 
are subject to extensive first-pass metabolism 
can now be delivered via the dermal route with 
the use of dimethyl sulfoxide (Zafar et al. 2010). 
Research with azone and three drugs, namely, 
indomethacin, ibuprofen, and sulfanilamide, 
shows that some compounds can improve ther-
modynamic activities and affinities of drug 
molecules to the dermal tissue (Ito et al. 1988). 
Terpene enhancers are also effective at increas-
ing the percutaneous permeation of hydrophilic 
drugs (El-Kattan et al. 2001).

Notable efforts have been made to improve 
skin permeability by combining iontophoresis 
with chemical enhancement. Relative to passive 
diffusion alone, this combined strategy produced 
a higher flux of lidocaine hydrochloride and nico-
tine hydrogen tartrate across the oral mucosa 
compared to (Wei et al. 2012). With sodium lauryl 
sulfate, the use of electrical current promotes the 
delivery of metoprolol tartrate and results in 
appreciable drug retention in the skin (Nair et al. 
2011). A mixture of CPEs and modulated ionto-
phoresis leads to a 45 % enhancement in the trans-
dermal delivery of insulin when measured against 
iontophoretic control (Rastogi et al. 2010).

25.2	 �Review of Mathematical 
Modeling

Whether the CPEs are incorporated into 
formulations or applied to the surface of a bio-
logical membrane (e.g., skin, mucosa), the sys-
tem is usually modeled as diffusion through a 
passive membrane (Williams and Barry 2004; 
Okamoto et  al. 1988). Okamoto et  al. (1988) 
showed that mathematical analyses of penetra-
tion profile data could help decipher the mode 
of action of CPEs. Their work with 6-mercapto-
purine revealed that the diffusion parameter was 
not influenced by the pretreatment of excised 
guinea pig skin but by the drug partitioning into 
the skin. Based on model parameters, Southwell 
and Barry (1983) were able to assess how two 
accelerants, 2-pyrrolidone, and dimethylfor-
mamide, affect the permeation of water, n-alco-
hols, and caffeine through the stratum corneum. 
Quantitative structure–activity relationship 
(QSAR) techniques have been implemented to 
select desirable structural properties of CPEs. 
Such efforts would help topical drug formulators 
to identify key features that could potentially 
increase skin permeability. This approach led 
researchers to hypothesize that intermolecular 
electron donor–acceptor interactions might play 
a role in promoting the penetration of 5-fluo-
rouracil by terpenes (Ghafourian et  al. 2004). 
Similarly, the enhancement property of alkanols 
is a function of their lipophilicity and the loca-
tion of the hydroxyl group (Ding et al. 2006).

Ferry (1995) proposed a model for iontophore-
sis that included diffusion and migration. Charged 
molecules are first carried by diffusion from 
the solution to the surface of the skin at which 
point migration becomes the main mechanism 
for transporting the penetrant across the stratum 
corneum. Although the authors only conducted 
a steady-state analysis of the process, they were 
able to provide useful insights on the importance 
of radial transport, especially when dealing with 
low-density skin appendages (e.g., sweat glands, 
hair follicles). The modeling work also makes it 
possible to simulate the effect of the current inten-
sity on the flux. However, models, such as the one 
studied by Keister and Kasting (1986), are more 
appropriate for capturing transient behaviors. The 
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influence of the current density on the time lag 
and the delivery rate can also be evaluated.

Although mathematical models may help 
explain the mechanisms of enhancer action and 
the effects of iontophoresis on drug delivery, the 
experimental protocols adopted are also relevant. 
Data are usually taken from the linear region of 
the cumulative amount of drug released versus 
the time plot to estimate partition and diffusion 
coefficients. These numbers help infer whether 
the accelerant increases the drug affinity for the 
skin or the ability of the medicament to permeate 
through the dermal layer. It is important to frame 
the mathematical problem in such a way that per-
tinent information can be extracted from these 
studies. Theory-guided laboratory experiments 
have to be conducted in a manner that reveals the 
relative contributions of iontophoretic and chem-
ical enhancements. Novel applications of process 
dynamics and control concepts to estimate the 
time to establish a steady-state flux can also be 
incorporated in the investigations (Simon 2009). 
The extent to which the synergy, created by both 
delivery methods, influences the flux, and the 
time constant parameter has been assessed within 
the new framework (Wei et al. 2012). These top-
ics are discussed in the next sections.

25.3	 �Experimental Methods

It is important to identify a priori which infor-
mation is to be collected from systems using 
physical and chemical enhancement techniques. 
For studies conducted with Franz-type diffusion 
cells, the thickness of the biological membrane 
(e.g., skin, mucosa), the permeation area, and 
the drug concentration in the donor compart-
ment should be recorded. These data will help 
in the analysis of the cumulative amount of drug 
released per unit area (Q). The duration of a 
trial and the sampling time should be adequate 
to allow computation of the lag time (tlag), effec-
tive time constant (teff), and diffusion coefficient 
(D). To facilitate analysis of the data, some 
experiments are to be conducted in the absence 
of CPEs and iontophoresis. These observations 
provide baselines against which the effects of 
the enhancers can be measured. Additional tests 

include CPEs alone, iontophoresis alone, and the 
two techniques combined.

25.4	 �Analytical and Numerical 
Procedures

25.4.1	 �Passive or Chemically 
Enhanced Diffusion 
Across a Biological Membrane

In cases of passive and chemically enhanced dif-
fusion, Fick’s second law can be applied to ana-
lyze the process:
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where C is the drug concentration at depth x, D 
represents the diffusion coefficient in the mem-
brane, and t is the time. Initially, the membrane is 
free of drug:
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The boundary conditions are
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In Eq.  25.3, Cs is the concentration at the 
membrane-vehicle interface and L is the mem-
brane thickness. The drug concentration in the 
vehicle Co is related to Cs by
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The flux is defined at L:
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where Q is the cumulative amount of medica-
ment released and K is the vehicle/stratum cor-
neum partition coefficient. An expression for Q is 
developed by solving the system formed by 
Eqs. 25.1, 25.2, 25.3, and 25.5:
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The steady-state flux Jss and the cumulative 
amount of drug released at long time Qss are

	
J

DC

Lss
s ,=

	
(25.7)

and

	
Q LC

tD

Lss s= -æ
è
ç

ö
ø
÷2

1

6 	
(25.8)

respectively. The lag time tlag is given by
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Besides tlag, the effective time constant teff can 
also estimate the time elapsed before reaching Jss 
(Collins 1980; Simon 2009):
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in the case of passive diffusion. In Eq.  25.10, 
J s( )  is the Laplace transform of J. The perme-
ability coefficient P, often used in skin absorp-
tion studies, incorporates the effects of K, D, 
and L:
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25.4.2	 �Iontophoretic Drug Transport 
Across a Biological Membrane

The following equation can be used to study ion-
tophoretic drug transport across a membrane 
(Keister and Kasting 1986):
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where γ is a parameter which represents the 
effects of the electric field. Consideration of 
Eqs. 25.2 and 25.3 leads to the following expres-
sion for the cumulative amount of drug released 
(Wei et  al. 2012; Simon 2009; Keister and 
Kasting 1986):
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Similar to the case of passive diffusion, the 
following functions were derived (Simon 2009; 
Keister and Kasting 1986):
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25.5	 �Results

For systems using passive diffusion alone, the lag 
time method is adopted to calculate Cs and D 
(Fig. 25.1). The affinity of the skin for the drug is 
assessed by computing the partition coefficient 
K. The flux reaches 98 % of its steady-state value 
at 4teff. This result is typical of a process that can 
be approximated by a first order system. One of 
the advantages of using teff as a performance cri-
terion is the possibility of estimating the time 
elapsed before achieving a desired therapeutic 
flux. For controlled release technology, the 
approach can also help identify process condi-
tions that may need to be adjusted to meet a target 
delivery rate (Simon 2009).

After applying a CPE to the membrane, 
changes in the drug diffusivity or its partitioning 
behavior would clarify the transport process. The 
direct calculations of K and D allow scientists 
to develop more efficient methods to design and 
assess chemicals that could promote drug trans-
port through the skin. By computing partition 
and diffusion ratios after and before skin treat-
ment, Khan et al. (2011) was able to hypothesize 
on the mechanism by which five, 9-dimethyl-2-
cyclopropyl-2-decanol and tetrahydrogeraniol 
increased the percutaneous penetration of 5-FU 
and tramadol hydrochloride (Khan et  al. 2011). 
The increased K value might be due to a change 
in the structure of the stratum corneum lipid 
bilayers, while a modification of the intercel-

lular lipid regions might be responsible for the 
increased diffusion coefficient.

Three parameters need to be estimated in ion-
tophoretic drug delivery across a polymer mem-
brane: Cs, D, and γ. Based on previous work, the 
electric field is assumed to have negligible influ-
ence on the diffusion coefficient obtained from 
passive transport experiments (Tojo 2003; Simon 
et al. 2006). In addition, an increase in the surface 
concentration has been reported after the onset of 
iontophoresis. This effect was verified by a skin-
stripping method in the case of verapamil (Tojo 
2003). Thus, an apparent partition coefficient 
should be determined using Eq. 25.4. The parame-
ter γ corresponds to the intersection of the function
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with the γ -axis. Note that tlag is known from the 
plot of experimental Q(t) versus the time. Finally, 
Cs is obtained from the experimental slope pre-
dicted by Eq. 25.16 (Simon et al. 2006):
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An illustration is shown in Fig.  25.2. The 
study focused on the delivery of amitripty-
line HCl through cadaver human skin placed 
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Fig. 25.1  Transient flux 
and cumulative amount of 
drug released by passive 
diffusion. The effective time 
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between two Franz diffusion cells (Simon 
et al. 2006; Wang 2004). The following param-
eters were obtained by the procedure outlined 
above: D = ´ -1 79 10 4 2. /cm h , g = 2 50. , and 
Cs = 7640…g ml/ . The steady-state flux, lag 
time, and effective time constant are 74.6  μg/
cm2h, 2.1 h and 1.4 h, respectively.

A systematic analysis can be conducted to help 
link the properties of the device to its performance 
resulting from the use of iontophoresis and pre-
treatment of a membrane with a CPE. The flux 
ratio after applying the CPE is:
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where the subscripts “c” and “ch” correspond to 
control and CPEs, respectively. The following 
equation is appropriate to contrast the effect of 
the electric field, “el,” with that of the control:
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since D Del c=  (Tojo 2003; Simon et al. 2006), 
Eq. 25.23 can be used to study the influence of 
iontophoresis without CPEs and the mechanisms 
of action of CPEs:
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The following equation is defined to help assess 
the impact of iontophoresis combined with CPEs 
on drug delivery relative to the use of CPEs 
alone:
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To compare iontophoresis combined with CPEs 
to the control, we have:
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Ratios of effective time constants can be com-
puted in a similar manner and help determine the 
extent to which the enhancer affects the time 
needed to reach the desired delivery rate.

�Conclusions

Mathematical procedures to study the effects 
of iontophoresis and chemical enhancers were 
proposed. In collecting permeation data, atten-
tion should be paid to the sampling time and 
the duration of the experiments. This will 
allow the computation of the lag time (tlag), 
effective time constant (teff), diffusion coeffi-
cient (D), electric field parameter (γ), and the 
vehicle/stratum corneum partition coefficient 
(K). For passive transport, in the presence or 
absence of a chemical enhancer, the lag time 
technique can be applied to estimate tlag, K, 
and D. Except for the diffusion coefficient, the 
other parameters are expected to change after 
iontophoresis. A graphical method can be 
implemented to compute γ, which allows the 
calculation of K from the slope of the linear 
section of the cumulative amount of drug 
released against the time plot. Two examples 
were given to illustrate the methodologies. 
Expressions that relate flux enhancement 
ratios with properties of controlled release 
devices were developed. Similar parameters 
can be obtained for the time constants to 
assess whether the time to achieve the target 
flux has decreased.
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Effect of the Use of Chemical 
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with Sonophoresis, 
Electroporation, or Microneedles 
on Transdermal Drug Delivery
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26.1	 �Introduction

The number of therapeutic molecules derived 
from biotechnology has grown up in the last 
years. However, their oral administration is often 
associated with the degradation in the gastroin-
testinal tract and first-pass metabolism; on the 
other hand, parenteral administration, although 
efficient, is invasive, has poor patient compli-
ance, and requires qualified medical personnel. 
In this sense, transdermal delivery appears as a 
good alternative, avoiding those drawbacks. As 
the skin represents a formidable barrier between 
the external environment and the internal biologi-
cal medium, the transport of substances is limited 
to small lipophilic molecules (Naik et al., 2000).

One of the greatest challenges for transdermal 
delivery is the administration of hydrophilic mol-
ecules such as peptides and proteins. Several 
approaches have been developed to enhance and 
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control transport across the skin and expand the 
variety of drugs which can be delivered transder-
mally, including proteins and nucleic acids 
(Lombry et al. 2000; Denet et al. 2004; Thomas 
and Finnin 2004). The study of different strategies 
to improve drug transport across the skin has been 
the subject of many works in the last decades, and 
for the pharmaceutical industry, transdermal drug 
delivery systems represent a huge business oppor-
tunity. Although chemical enhancers have shown 
to be effective in promoting the transport of small 
molecules, hydrophilic large molecules are still a 
challenge. Attempts to improve permeation of this 
kind of molecules include the use of physical/
mechanical enhancers such as ultrasound, ionto-
phoresis, electroporation, and microneedles 
(Mitragotri 2000; Denet et al. 2004). According to 
Mitragotri (2000), the enhancers increase trans-
dermal transport through one of more of the fol-
lowing mechanisms: (i) increasing drug solubility 
(chemical enhancers), (ii) increasing diffusion 
coefficients (chemical enhancers, ultrasound, and 
electroporation), and (iii) providing additional 
driving forces acting on the drug (ultrasound, ion-
tophoresis, and electroporation).

In general, physical permeation enhancement 
techniques improve drug permeation across the 
biological barriers favoring the transport of drug 
molecules and/or by alteration of the biological 
barrier. Iontophoresis is one of the techniques 
that enhances the transdermal drug permeation 
predominantly by driving the drug ions by elec-
trorepulsion. Alternatively, techniques such as 
electroporation, sonophoresis, and thermopora-
tion enhance the transdermal delivery of drugs by 
disruption of the stratum corneum (SC) barrier. 
All of these enhancement techniques share com-
mon advantages; some of them are listed in 
Table 26.1.

More interesting, the combination of chemical 
and physical/mechanical enhancers has shown a 
synergistic effect in most of the cases (Mitragotri 
2000; Vanbever and Préat 2000; Denet et al. 2004; 
Motlekar and Youan 2006; Prausnitz and Langer 
2008; Banga 2011; Polat et al. 2011b). In this chap-
ter, the enhancement effect of the combined use of 
sonophoresis, electroporation, and microneedles 
with chemical enhancers is reviewed.

26.2	 �Chemical Enhancers 
and Sonophoresis

26.2.1	 �What Is Sonophoresis?

Sonophoresis or phonophoresis, defined as the 
ultrasonically facilitated delivery of drugs to or 
through the skin, has emerged as one of the most 
promising physical enhancers (Mitragotri 2013). 
In this technique, a piezoelectric crystal is respon-
sible for converting electrical energy into acous-
tic waves. These waves are conducted from the 
sound source to the skin by a coupling medium 
(Herwadkar and Banga 2012). Ultrasound has 
been widely used in sports medicine since the 
1950s. As shown in Table  26.2, ultrasound can 
be classified, according to the frequency range. 
In the case of the skin, transport enhancement 
has shown to be more efficient with low-fre-
quency ultrasound (<100  kHz). Low-frequency 
high-intensity ultrasound waves (2–50  W/cm2) 
can form pores in the SC, allowing the transder-
mal delivery of macromolecules up to 48  kDa 
(Herwadkar and Banga 2012). In general, skin 
permeability increases with decreasing frequency 
and with increasing exposure time and intensity 
(Khafagy et al. 2007). Ultrasound can be applied 

Table 26.1  Advantages of sonophoresis, electropora-
tion, and microneedles as skin penetration enhancers

Noninvasive or minimally invasive

Painless

Safe and tolerable

Reversible effect

Modulation of skin permeability

They can be focused on targeted tissues

Possibility of administering macromolecules and 
nanocarriers (e.g., nanoparticles and liposomes)

Delivery of drugs, but also a mean for sampling 
biological solutes (e.g., glucose)

Table 26.2  Classification of ultrasound according to the 
frequency range (Monti et al. 2001)

Ultrasound Frequency range

Therapeutic/diagnostic ≥0.7 MHz

Low frequency 20–100 kHz

High frequency 1.0–3.0 MHz

E. Piñón-Segundo et al.
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continuously or in a sequential mode (pulsed 
mode). Continuous high-frequency ultrasound 
has shown to be less effective for transdermal 
drug delivery (Monti et  al. 2001). Furthermore, 
temperature rises faster and more intense in the 
continuous mode (Machet and Boucaud 2002). 
Excellent reviews of sonophoresis have been 
published in the last years (Machet and Boucaud 
2002; Lavon and Kost 2004; Mitragotri and Kost 
2004; Haar 2007; Ogura et al. 2008; Polat et al. 
2010; 2011b).

Sonophoresis was used for the first time in the 
1950s to enhance the absorption of hydrocorti-
sone. In general, low-frequency sonophoresis has 
shown to enhance the transdermal transport of 
drugs, reducing the associated lag time, being 
useful for the local and systemic delivery of 
drugs. Sonophoresis can be applied in two man-
ners: (i) simultaneously with the drug and (ii) 
prior to drug delivery, pretreating the skin 
(Mitragotri and Kost 2004).

Within certain ultrasound intensity range, a 
direct dependence between intensity and per-
meability enhancement has been observed, i.e., 
enhancement increases from a threshold intensity 
until a maximum intensity value, beyond which, 
no further increase is observed. Besides ultrasound 
energy intensity, enhancement also depends on 
frequency, duty cycle, and application time. Due 
to the direct relationship between conductance 
and skin permeability, the effect of sonophoresis 
on skin permeabilization can be determined by 
conductance measurements. Ultrasound exerts a 
dose-dependent effect on skin permeability, with 
a range of safety: Low-frequency sonophoresis at 
low intensities (e.g., 2.5 W/cm2) appears to be safe 
and tolerable, producing minimal urticarial reac-
tions, with no detectable changes in the structure 
of human skin. Therefore, suitable conditions must 
be carefully selected, in order to avoid undesir-
able effects. A low-frequency portable ultrasound 
device (SonoPrep Ultrasonic Skin Permeation 
System, Sontra Medical Corporation) for skin per-
meabilization has been approved by the US Food 
and Drug Administration (FDA) (Mitragotri 2004; 
Alexander et al. 2012).

As mentioned, important experimental vari-
ables include:

	 (i)	 Ultrasound duty cycle, i.e., the time that 
ultrasound is on. In this sense, ultrasound 
application can be continuous or in pulses 
(e.g., 10 % corresponds to 0.1  s ON and 
0.9 s OFF). Ultrasound pulsing is preferred 
since it allows heat dissipation, decreasing 
thermal effects. A greater effect of ligno-
caine on sensory blockade was found with 
pulsed ultrasound (Shipton 2012).

	(ii)	 Distance between the ultrasound horn and 
the skin. The horn can be in direct contact 
with the skin, or as far as 4 cm from the skin 
surface.

	(iii)	 Treatment time. It varies greatly from few 
seconds to a few minutes or even hours to 
days.

	(iv)	 Composition of the ultrasound coupling 
medium. The coupling medium is typically 
an aqueous formulation that can contain a 
drug (simultaneous treatment protocol) or a 
chemical enhancer, e.g., a surfactant (pre-
treatment protocol) (Polat et al. 2012).

Low-frequency sonophoresis has shown to 
effectively enhance the transport of high molec-
ular weight drugs, such as heparins, insulin, 
γ-interferon, and erythropoietin (Mitragotri et al. 
1995; Mitragotri et al. 1996; Mitragotri and Kost 
2004; Motlekar and Youan 2006; Herwadkar and 
Banga 2012). Apparently, cavitation (formation 
and immediate implosion of bubbles in a liquid) 
opens large pores and channels in the lipid lay-
ers of the SC, providing a less tortuous path for 
the transport of macromolecules. However, it 
is important to point out that in the case of the 
simultaneous application of ultrasound and the 
drug, the effect of ultrasound on protein con-
formation and/or activity should be determined 
(Khafagy et al. 2007).

Other applications of low-frequency ultra-
sound include (Mitragotri et al. 2000; Mitragotri 
and Kost 2004; Hosseinkhani and Tabata 2005; 
Frenkel 2008; Mitragotri 2013):

•	 Extraction of different analytes from the skin’s 
interstitial fluid for diagnostic purposes, e.g., 
glucose, albumin, calcium, urea, triglycerides, 
lactate, and dextran.
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•	 Enhancement of drug penetration into the 
brain by disruption of the blood-brain barrier.

•	 Enhancement of the transcorneal permeation 
of drugs.

•	 Acceleration of clot dissolution 
(sonothrombolysis).

•	 Delivery of drugs and genes to solid tumors.

26.2.2	 �Mechanisms of Action 
of Sonophoresis

•	 Cavitation. Mechanism of low-frequency 
sonophoresis is mainly related to the forma-
tion and collapse of gaseous cavities (cavita-
tion). Collapse of cavitation bubbles can cause 
structural alteration of tissues due to the shock 
wave generated. The radius of the cavitation 
bubbles has a relationship with the frequency 
and pressure amplitude. Low-frequency ultra-
sound produces a greater cavitation effect 
with respect to therapeutic ultrasound (high 
intensity), resulting in a higher enhancement 
effect (Mitragotri et  al. 1996; Monti et  al. 
2001). The shock waves generated by bubbles 
disrupt the intercellular lipids of the SC, caus-
ing conformational changes, increasing the 
porosity of the skin, and thus promoting the 
diffusion of a solute (Ueda et al. 1996; Joshi 
and Raje 2002; Mitragotri and Kost 2004). It 
has been suggested that cavitation is the pri-
mary mechanism of enhancement in highly 
perturbed skin regions, known as localized 
transport regions (LTRs) (Polat et al. 2011a).

Although cavitation is the main enhance-
ment mechanism, non-cavitational mecha-
nisms have also been reported:

•	 Convection. Simultaneous application of a 
drug formulation and ultrasound enhances 
drug transport in two ways: (i) by struc-
tural changes in the lipids of the skin and 
(ii) through convection-related mechanisms. 
Contradictory results are reported: Some 
authors have found no effect of convection 
on skin permeability, while other studies 
have suggested an important role of convec-
tion when using low-frequency sonophoresis 
(Polat et al. 2011b).

•	 Thermal effects. Temperature increases are 
directly proportional to ultrasound intensity 
and duty cycle. Although it is expected that 
high temperature increases result in enhanced 
transdermal transport, the harmful side effects 
observed with significant increases in temper-
ature have led to a strict temperature control 
that minimizes heating. Rise in temperature is 
one of the major factors that increase percuta-
neous absorption in the 1–3  MHz frequency 
range and in continuous mode (Machet and 
Boucaud 2002).

•	 Lipid extraction. According to Alvarez-Roman 
et  al. (2003), low-frequency sonophoresis is 
able to extract an important amount of the SC 
lipids (about 30 %).

•	 Stratum corneum hydration. Ueda et al. (1996) 
reported that ultrasound increases the fraction 
of aqueous region in the SC, increasing the 
diffusivity of drugs.

Apparently, transfollicular pathways are more 
susceptible to ultrasonic enhancement than are 
transcellular processes (Meidan et al. 1995). An 
important fact is that sonicated skin recovers its 
original barrier properties, with only slight histo-
logical changes. Some authors (Monti et  al. 
2001; Machet and Boucaud 2002) reported an 
immediate recovering of skin barrier once turn-
ing off sonication, while Lavon and Kost (2004) 
argued that a single short application (less than 
2 min) of ultrasound may enhance skin permea-
bility over several hours, recovering its normal 
value by 24 h. A greater enhancement activity of 
ultrasound has been found for hydrophilic mol-
ecules with respect to less hydrophilic ones 
(Monti et al. 2001).

26.2.3	 �Synergistic Enhancement 
Effect of Sonophoresis 
and Chemical Enhancers

In this section, studies related to the simultaneous 
use of sonophoresis and chemical enhancers are 
reviewed. Table  26.3 represents some of these 
results. However, it is important to mention that 
sonophoresis has also been combined with other 

E. Piñón-Segundo et al.
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physical or mechanical enhancement methods, 
such as microneedles (Chen et al. 2010; Han and 
Das 2013; Han and Das 2015; Pamornpathomkul 
et al. 2015) and iontophoresis (Ueda et al. 1996; 
Le et al. 2000; Fang et al. 2002; Watanabe et al. 
2009). This kind of treatment has shown to 
greatly enhance the delivery rate of large molecu-
lar weight compounds into the skin. Furthermore, 
combination of US with some carriers has shown 
a greater permeation than when applied sepa-
rately, e.g., polymeric, lipid-based nanoparticles, 
micelles and elastic liposomes (Husseini and Pitt  
2008; Kasetvatin et al. 2015).

Chemical enhancers are known to permeabi-
lize the skin by different mechanisms such as lipid 
fluidization, lipid extraction, or protein denatur-
ation. It has been demonstrated that a combina-
tion of penetration enhancers showing different 
modes of action frequently exerts a synergistic 
effect on drug permeation (Mitragotri 2000). 
This is important, since it can enable a reduction 
in the dose/time of exposition to the enhancer in 
order to achieve the desired effect, reducing or 
even avoiding undesirable effects related to high 
concentrations of chemical enhancers. The syner-
gistic effect of ultrasound and chemical enhanc-
ers is attributed to cavitation that may induce and 
promote the dispersion of chemical enhancers 
with SC lipids (Lee et al. 2010). 

Johnson et al. (1996) showed that corticosterone 
flux was enhanced by a factor of 903 (skin perme-
ability increase, 8.7) when the skin was treated 
with ethanol/linoleic acid (1:1) in combination 
with ultrasound. The same formulation enhanced 
the flux through the skin by a factor of 13,000 (skin 
permeability increase: 14.4), when combined with 
therapeutic ultrasound (1 MHz, 1.4 W/cm2). The 
authors attributed this effect to a lipid fluidization 
or to the formation of a separate bulk of lipid 
domain in the SC. A synergism was also observed 
for the simultaneous application of ultrasound and 
laurocapram (Azone®). The authors suggested an 
enhancement in laurocapram diffusion into the skin 
due to ultrasonic thermal effects (Meidan et  al. 
1998). The combined application of oleic acid and 
low frequency ultrasound was shown to enhance 
the penetration of lanthanum nitrate (LaNO3) into 
the viable epidermis through an intracellular path-

way. LaNO3 was found uniformly distributed both 
in the intracellular and intercellular domains (Lee 
et al. 2010). These authors also found a synergistic 
effect in LaNO3 when ultrasound was applied on 
tape-stripped skin.

A significant synergistic effect has been 
reported for the combined use of low-frequency 
ultrasound and surfactants. Simultaneous appli-
cation of ultrasound and sodium lauryl sulfate 
(SLS) significantly increases the permeability 
and conductivity of the skin (Lavon et al. 2005). 
In fact, addition of SLS to the coupling medium 
has shown a linear increase in skin permeability 
in an SLS concentration range of 0–1 % 
(Mitragotri et al. 2000). The concentration of 1 % 
SLS in a solution is approved by the FDA for 
many cosmetic and pharmaceutical products 
(Lavon et al. 2005). SonoPrep® (Sontra Medical 
Corporation) is an ultrasonic skin permeation 
system that enhances the effectiveness of topical 
anesthetics, shortening the onset of topical anes-
thetics action (Kim et  al. 2012). This system 
operates with 1 % SLS solution, showing no skin 
irritation (Boucaud 2004; Lavon et al. 2005).

Mitragotri et  al. (2000) found a dramatic 
increase in mannitol permeability (200-fold 
enhancement) when 1 % SLS and ultrasound are 
combined. The authors also reported a reduction 
of the threshold ultrasound energy to produce a 
change in skin impedance, from 141 J/cm2 (with-
out SLS) to 18 J/cm2 (with 1 % SLS). A reduction 
of treatment times, higher connectivity of lacunar 
regions of the SC, as well as a lower perturbation 
of the skin have been also demonstrated when 
SLS is used with sonophoresis, compared to 
sonophoresis alone (Polat et al. 2012). The syner-
gistic enhancement of ultrasound and SLS was 
clearly demonstrated by Lavon et al. (2005), who 
found an enhancement ratio of ~ 35, while when 
applied separately, enhancement ratios were 4 for 
SLS and 12 for ultrasound. Polat et  al. (2011a) 
studied the permeability of calcein at three fre-
quencies (20, 40, and 60  kHz), with important 
contribution to the following points:

	(a)	 Calcein showed a much greater permeability 
through the localized transport regions 
(LTRs) than through all the other skin regions 
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(i.e., non-LTRs and untreated skin). Non-
LTRs were also more permeable than the 
native skin (untreated). In this case, heating 
or microstreaming could increase the flux of 
SLS into the skin (almost twofold SLS pen-
etrated into non-LTRs than into native skin).

	(b)	 Calcein permeability was dependent 
on ultrasound frequency, since perme-
ability decreased with increasing ultrasound 
frequency.

	(c)	 Pore radii in the LTRs exhibited a decrease 
with increasing ultrasound frequency (>300, 
276, and 161  Å for 20, 40, and 60  kHz, 
respectively). Pore radii were independent of 
ultrasound frequency in the non-LTRs (~18 Å 
vs. ~ 13 Å in native skin).

	(d)	 Permeability of calcein in LTRs was of simi-
lar magnitude to the permeability in the 
dermis, suggesting that the barrier properties 
of the epidermis were defeated with the 
sonophoretic treatment.

In order to investigate the synergism between 
ultrasound and SLS, Polat et  al. (2011c) uti-
lized two skin models, pig full-thickness skin 
(FTS) and pig split-thickness skin (STS), with 
two kinds of treatments, ultrasound (US) alone 
and ultrasound with SLS (US/SLS). Samples 
were treated with ultrasound until they reached 
currents between 5 and 200  μA.  The authors 
studied the treatment time required to attain 
specific levels of skin electrical resistivity and 
found that US/SLS treatment reduced dramati-
cally the time necessary to reach similar skin 
electrical resistivity values, with respect to the 
US-treated samples. Furthermore, the presence 
of SLS induced a more reproducible skin 
perturbation.

Sodium dodecyl sulfate (SDS) at 1 % (w/v) 
has also been used as the coupling medium, to 
investigate the influence of liposomes on in vitro 
antigen permeation and on in  vivo skin barrier 
properties, using rats as animal models. The 
authors found important skin damage attributed 
to the synergistic effect of ultrasound and SDS 
(Dahlan et al. 2009). Similar findings were previ-
ously reported by Mitragotri et  al. (2000) and 
Tezel et al. (2002).

Physicochemical characteristics of surfactants 
determine their action. Apparently, ionic surfactants 
are better enhancers than nonionic surfactants, and 
14-carbon tail length in the surfactant molecule is 
the optimum to attain a synergistic effect with low-
frequency ultrasound (Tezel et al. 2002).

Surfactant–sonophoresis synergism can be 
attributed to:

	 (i)	 The effect of surfactant on ultrasound-
related phenomena. Being adsorbed at inter-
faces, surfactants reduce the surface tension 
of aqueous solutions. Surface tension has 
an important effect on the oscillation of a 
cavitation bubble, causing an increase in 
the rate of expansion and a decrease in the 
rate of compression as the surface tension 
decreases. Furthermore, charged surfactants 
stabilize cavitation bubbles by electrostatic 
repulsion, resulting in a great number of 
small cavitation bubbles.

	(ii)	 The effect of ultrasound on surfactant pene-
tration and interaction with SC lipids (Tezel 
et al. 2002; Polat et al. 2011b). Sonophoresis 
favors the deep penetration of surfactants into 
the skin, allowing them to induce a greater 
fluidization of SC lipids (Polat et al. 2012). 
Ueda et al. (1996) found that ultrasound sig-
nificantly increased extraction of sterols and 
ceramides when 0.1 % Tween® 20 was used 
as donor solution, lowering skin impedance 
and therefore increasing SC diffusivity. When 
distilled water was used as donor solution, 
leaching of lipids was not detectable. SLS 
has also the ability to solubilize or extract lip-
ids (Polat et al. 2011a).

	(iii)	 Surfactants can denature keratin fibers of 
corneocytes (Polat et al. 2011a).

	(iv)	 Surfactants can expand lacunar regions, 
thereby creating less tortuous and more 
direct permeation pathways (Polat et  al. 
2011c).

	(v)	 The simultaneous use of ultrasound and sur-
factants such as SLS is able to provoke 
changes in skin pH profile of the 
SC. Sonication can result in a pH reduction 
of the SC. In this acidic environment, SLS is 
in the form of free acid, being more soluble 
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in the SC lipids and, therefore, more avail-
able to act as enhancer (Lavon et al. 2005).

The physical phenomena involved in the com-
bined use of sonophoresis and permeation 
enhancers have been well explained (Lee et al. 
2010; Polat et al. 2012; Azagury et al. 2015). The 
mechanisms are related to the following aspects:

	 (i)	 The ability of ultrasound to increase pene-
tration and dispersion of permeation enhanc-
ers. This effect is explained by a convective 
flux induced by the collapse of acoustic 
cavitation microjets, which allows direct 
deposition of enhancers into the skin.

	(ii)	 A greater synergism has been observed 
between amphiphilic enhancers (like SLS) 
and sonophoresis than with non-amphiphilic 
enhancers (e.g., propylene glycol), due to 
the adsorption of amphiphilic monomers to 
the surface of the cavitation bubbles.

	(iii)	 The enhancement is even greater when 
binary mixtures of surfactants are used. This 
can be attributed to a more efficient adsorp-
tion or packing of two surfactants on the 
surface of cavitation bubbles.

	(iv)	 Only surfactant monomers can be adsorbed 
onto the surface of cavitation bubbles. 
Synergism depends on monomer concentra-
tion. Therefore, in the case of surfactants, 
below their critical micellar concentration 
(CMC), a further enhancement of their flux 
is expected due to adsorption of monomers 
onto the surface of cavitation bubbles. 
However, above CMC, adsorbed monomer 
concentration is constant due to the inability 
of micelles to be adsorbed. Therefore, in the 
case of surfactant mixtures, a decrease of 
the CMC may lead to antagonism, while an 
increase in CMC may explain a stronger 
synergism with sonophoresis (Polat et al. 
2012).

	(v)	 Combinations of mixtures of chemical 
enhancers acting as “extractors” (i.e., able to 
extract membrane lipids) and “fluidizers” 
(i.e., able to disrupt lipid domains) with 
ultrasound, resulted in synergy. 
Combinations of chemical enhancers from 

the same group may even produce an antag-
onistic effect.

It is interesting to mention that in some cases, 
a greater enhancement activity has been reported 
for chemical enhancers alone than for low-
frequency ultrasound alone. In this sense, Monti 
et al. (2001) found a higher enhancement effect 
on caffeine permeation with oleic acid/propylene 
glycol than with low-frequency ultrasound.

26.3	 �Chemical Enhancers 
and Electroporation

26.3.1	 �What Is Electroporation?

Electroporation was originally used to transfect 
cells with macromolecules such as DNA by 
altering their cell membranes, afterward it has 
been applied in tissues (e.g., for gene therapy) 
to reversibly permeabilize them (Denet et  al. 
2004). The investigation of electroporation for 
drug delivery began in the 1990s (Banga 2011). 
In recent years, electroporation has been pro-
posed for delivery of DNA vaccines and for 
electrochemotherapy, which consists of apply-
ing high-voltage pulses to permeabilize tumor 
cells against cytotoxic drugs (Denet et  al. 
2004).

Electroporation or electropermeabilization is 
an electric enhancement technique that involves 
application of high-voltage pulses (50 to 1500 V) 
for very short durations of time (micro- to milli-
seconds) to induce the transitory structural per-
turbation of lipid bilayer membranes (Higaki 
et  al. 2003; Brown et  al. 2006; Banga 2011; 
Alexander 2012; Wong 2014). These intense 
electric charges generate structural rearrange-
ments of the cell membrane and electrical con-
ductance and changes of membrane conductance 
leading to a temporary loss of semipermeability 
of cell membranes (Banga 2011). The electro-
poration of the lipid bilayers of the SC causes the 
formation of transient aqueous pathways or elec-
tropores through it. These electropores allow 
drugs to penetrate more readily (Denet et al. 
2004; Wong 2014; Ita 2015).
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26.3.2	 �Factors Influencing Drug 
Delivery by Electroporation

The electroporation mechanism has been com-
prehensively reviewed by several authors 
(Weaver and Chizmadzhev 1996; Weaver et al. 
1999; Pliquett 1999; Sen et  al. 2002a; Denet 
et al. 2004; Becker et al. 2014). The most impor-
tant factors in the enhancement of percutaneous 
absorption of drugs by electroporation are the 
selection of the electrical parameters: pulse 
waveform (exponential decay or square wave), 
pulse voltage, pulse length, number of pulses, 
and spacing between pulses ). (Denet et al. 
2004; Banga 2011; Zorec et al. 2015). Usually, 
the skin transport of the solutes improves when 
the applied voltages are increased (Higaki et al. 
2003). The application of high-voltage electric 
pulses may be accompanied by temperature 
changes in the pulsing medium. A long-duration 
pulse could increase skin irritation (Banga 
2011). The transdermal voltage is only a frac-
tion of the voltage applied across the electrodes 
(ca. 10–50 %) since a significant voltage drop 
occurs within the electroporation system (Denet 
et al. 2004).

Furthermore, physicochemical properties of 
the drug and drug concentration can affect the 
transdermal drug delivery by electroporation 
(Vanbever and Préat 2000). The pKa of the drug 
and the pH of the delivery solution influence the 
electric charges of the molecule to be delivered. 
Neutral molecules can diffuse through the per-
meabilized skin (passive diffusion); however, 
their transport is lower than the transport of 
charged molecules during pulses (Denet et  al. 
2004). Electroporation has been successfully 
used to enhance the skin permeability of mole-
cules with different lipophilicity and size, includ-
ing biopharmaceuticals with a molecular weight 
greater than 7 kDa, the current limit for iontopho-
resis (Mathur et al. 2010). Small- and moderate-
sized molecules such as fentanyl, timolol, 
metoprolol, mannitol, calcein and cyclosporine 
A, etc., have been transported transdermally by 
electroporation (Denet et al. 2004). The influence 
of the molecular weight of the permeant on trans-
dermal and topical transport by skin electropora-

tion was first evaluated by Lombry and coworkers 
(Lombry et al. 2000). Fluorescein isothiocyanate 
(FITC) and fluorescein isothiocyanate–dextran 
(FD) macromolecules with increasing molecular 
weight (4.4, 12, and 38 kDa) were used as fluo-
rescent permeant models. The transport of FITC 
and FD across hairless rat skin in vitro and their 
distribution in the skin was explored by confocal 
scanning laser microscopy. The results showed 
that it was feasible to deliver large macromole-
cules (at least up to 40 kDa) across the skin by 
electroporation. Concurrently, authors demon-
strated that the macromolecule dextran enhanced 
FITC transport.

26.3.3	 �Synergistic Enhancement 
Effect of Electroporation 
and Chemical Enhancers

The synergy between electroporation and pre- or 
co-treatment with chemical penetration enhancers 
has been studied and reviewed by several authors 
in the course of the last two decades (Mitragotri 
2000; Denet et al. 2004; Bonner and Barry 2006; 
Banga 2011). Table  26.4 includes some studies 
of synergistic effect between electroporation and 
chemical promotion enhancers. These chemicals 
are different from those mentioned commonly 
in the literature, and the most representative 
examples include (i) macromolecules (e.g., hepa-
rin, dextran) (Weaver et al. 1997; Vanbever et al. 
1997), (ii) keratolytic molecules (Ilic et al. 1999; 
Zewert et al. 1999), (iii) lipids and lipid vesicles 
(Badkar et al. 1999; Sen et al. 2002a, b, c; Essa 
et  al. 2003¸ Essa et  al. 2004), (iv) electrolytes 
(Tokudome and Sugibayashi 2003), (v) cyclodex-
trins (Murthy et al. 2004a), (vi) surfactants (Jiang 
et al. 2007; Murthy et al. 2004b), etc.

26.3.3.1	 �Macromolecules
The first demonstration that a linear and 
charged macromolecule (heparin) has a chemi-
cal enhancing effect on the transdermal trans-
port of ions and molecules when combined with 
electroporation was provided by Weaver et  al. 
(1997). Skin penetration studies were carried 
out using two molecules with similar size but 

E. Piñón-Segundo et al.



409

Ta
b

le
 2

6
.4

 
E

xa
m

pl
es

 o
f 

th
e 

co
m

bi
na

tio
n 

of
 c

he
m

ic
al

 e
nh

an
ce

rs
 w

ith
 e

le
ct

ro
po

ra
tio

n

C
he

m
ic

al
 e

nh
an

ce
r

D
ru

g
C

on
di

tio
ns

A
ni

m
al

 m
od

el
Sk

in
 p

er
m

ea
bi

lit
y

R
ef

er
en

ce

H
ep

ar
in

 (
av

er
ag

e 
M

W
 =

 2
0,

00
0 

g/
m

ol
),

 
0–

20
0 

m
g/

m
L

; i
n 

th
e 

do
no

r

Su
lf

or
ho

da
m

in
e 

(6
07

 g
/m

ol
, 

1 
m

M
)

C
al

ce
in

 (
62

3 
g/

m
ol

, 1
 m

M
)

72
0 

pu
ls

es
, 1

00
0 

V
, 

1 
or

 2
 m

s;
 1

 p
ul

se
/5

 
se

g

St
ri

pp
ed

 h
um

an
 

ep
id

er
m

is
St

ri
pp

ed
 h

um
an

 
ep

id
er

m
is

U
p 

to
 tw

of
ol

d 
in

cr
ea

se
 (

w
ith

 2
00

 m
g/

m
L

 o
f 

he
pa

ri
n)

T
hr

ee
fo

ld
 d

ec
re

as
e 

(w
ith

 2
00

 m
g/

m
L

 o
f 

he
pa

ri
n)

W
ea

ve
r 

et
 a

l. 
(1

99
7)

H
ep

ar
in

 (
12

 k
D

a)
, 1

0−
2  M

 o
r 

de
xt

ra
n 

su
lf

at
e(

10
 k

D
a)

, 1
0−

2  
M

; i
n 

th
e 

do
no

r

M
an

ni
to

l (
1 

m
g/

m
L

)
Fi

ve
 p

ul
se

s,
 1

50
 V

, 
18

0 
m

s;
 1

 
pu

ls
e/

6 
m

in

A
bd

om
in

al
 

ha
ir

le
ss

 r
at

 s
ki

n
In

cr
ea

se
d 

fa
ct

or
 o

f 
up

 to
 3

.5
V

an
be

ve
r 

et
 a

l. 
(1

99
7)

So
di

um
 th

io
su

lf
at

e 
(1

12
 g

/m
ol

, 
1 

M
)

Su
lf

or
ho

da
m

in
e 

(6
07

 g
/m

ol
, 

0.
1 

m
M

);
 D

N
A

 o
lig

on
uc

le
ot

id
e 

70
00

 g
/m

ol
, 2

5 
m

M
),

 F
IT

C
-

la
be

le
d 

la
ct

al
bu

m
in

 (
15

,0
00

 g
/m

ol
, 

0.
1 

m
M

, F
IT

C
-l

ab
el

ed
 I

gG
 

15
0,

00
0 

g/
m

ol
, 0

.0
1 

m
M

)

10
00

 V
, 1

 m
s;

 1
 

pu
ls

e/
5 

s 
fo

r 
1 

h
St

ri
pe

d 
hu

m
an

 
sk

in
N

uc
le

ot
id

e:
 1

0,
00

0-
fo

ld
 in

cr
ea

se
d

L
ac

ta
lb

um
in

: 1
,0

00
-f

ol
d 

in
cr

ea
se

d
T

hi
os

ul
fa

te
 d

is
ru

pt
s 

bo
nd

s 
lin

ki
ng

 th
e 

Ig
G

 
un

its

Z
ew

er
t 

et
 a

l. 
(1

99
9)

1,
2-

di
ol

eo
yl

-3
-

ph
os

ph
at

id
yl

gl
yc

er
ol

 (
D

O
PG

) 
an

d 
1,

2-
di

ol
eo

yl
-3

-
ph

os
ph

at
id

yl
ch

ol
in

e 
(D

O
PC

),
 

5 
m

g/
m

L

M
et

hy
le

ne
 b

lu
e 

(3
74

 g
/m

ol
, 

po
si

tiv
e 

ch
ar

ge
),

 p
ro

to
po

rp
hy

ri
n 

IX
 (

56
3 

g/
m

ol
, n

eg
at

iv
e 

ch
ar

ge
),

pr
ot

op
or

ph
yr

in
 I

X
 d

im
et

hy
l e

st
er

 
(5

90
 g

/m
ol

, n
eu

tr
al

)

Pr
ep

ul
si

on
 f

or
 2

 m
in

 
an

d 
th

en
 f

or
 a

 
fu

rt
he

r 
6 

m
in

 (
in

 
2 

m
in

 in
cr

em
en

ts
)

1–
18

0 
pu

ls
es

, 1
00

 V
, 

1 
m

s 
w

id
th

 a
t 1

 H
z

Po
rc

in
e 

fu
ll-

th
ic

kn
es

s 
be

lly
 s

ki
n

T
he

 p
re

se
nc

e 
of

 m
ix

ed
 D

O
PG

/D
O

PC
 

di
sp

er
si

on
 in

cr
ea

se
s 

ef
fic

ac
y 

of
 th

e 
tr

an
sd

er
m

al
 tr

an
sp

or
t

Se
n 

et
 a

l. 
(2

00
2b

)

FI
T

C
-l

ab
el

ed
 d

ex
tr

an
s 

(4
–1

55
 k

D
a)

1 
m

in
,1

00
 V

, 1
 m

s 
w

id
th

 a
t 1

 H
z

L
ip

id
-e

nh
an

ce
d 

tr
an

sp
or

t w
as

 o
nl

y 
ob

se
rv

ed
 

fo
r 

th
e 

4 
kD

a 
de

xt
ra

n 
(1

5-
fo

ld
 in

cr
ea

se
) 

an
d 

no
t f

or
 th

e 
la

rg
er

 o
ne

s 
4 

kD
a 

de
xt

ra
n

D
im

yr
is

to
yl

ph
os

ph
at

id
yl

se
ri

ne
 

(D
M

PS
),

 p
ho

sp
ha

tid
yl

se
ri

ne
 

fr
om

 b
ov

in
e 

br
ai

n 
(b

ra
in

-P
S)

, 
di

ol
eo

yl
ph

os
ph

at
id

yl
se

ri
ne

 
(D

O
PS

),
 a

nd
 

di
ol

eo
yl

ph
os

ph
at

id
yl

gl
yc

er
ol

; 
0.

2–
5 

m
g/

m
L

C
ar

bo
xy

flu
or

es
ce

in
 (

C
F)

FI
T

C
-l

ab
el

ed
 d

ex
tr

an
s 

(M
W

 4
00

0 
an

d 
90

00
)

M
ul

tip
le

 p
ul

se
s,

 u
p 

to
 2

50
 V

, 1
 m

s 
at

 
1 

H
z

Po
rc

in
e 

fu
ll-

th
ic

kn
es

s 
be

lly
 s

ki
n

C
F:

 e
nh

an
ce

m
en

t r
at

io
 ~

2,
 s

im
ila

r 
fo

r 
D

M
PS

, D
O

PS
, a

nd
 D

O
PG

D
ex

tr
an

 (
4 

kD
a)

:
E

nh
an

ce
m

en
t r

at
io

s 
of

 1
 m

g/
m

L
 D

M
PS

, 
br

ai
n-

PS
, a

nd
 D

O
PS

 v
er

su
s 

co
nt

ro
l w

er
e

~8
0,

 1
2,

 a
nd

 1
, r

es
pe

ct
iv

el
y 

(3
0 

pu
ls

es
 a

t 
14

0 
V

 f
or

 1
 m

s 
at

 1
 H

z)

Se
n 

et
 a

l. 
(2

00
2a

)

D
M

PS
, 2

 m
g/

m
L

FI
T

C
-i

ns
ul

in
 (

1 
μg

/m
L

)
10

 m
in

, 1
00

–1
05

 V
, 

1 
m

s 
at

 1
 H

z
Po

rc
in

e 
fu

ll-
th

ic
kn

es
s 

be
lly

 s
ki

n

20
-f

ol
d 

in
cr

ea
se

Se
n 

et
 a

l. 
(2

00
2c

)

(c
on

tin
ue

d)

26  Effect of the Use of Chemical Enhancers Combined with Sonophoresis, Electroporation



410

C
he

m
ic

al
 e

nh
an

ce
r

D
ru

g
C

on
di

tio
ns

A
ni

m
al

 m
od

el
Sk

in
 p

er
m

ea
bi

lit
y

R
ef

er
en

ce

U
ltr

ad
ef

or
m

ab
le

 li
po

so
m

es
 o

f 
ph

os
ph

at
id

yl
ch

ol
in

e/
so

di
um

 
ch

ol
at

e 
(8

6:
14

 %
, w

/w
)

E
st

ra
di

ol
Fi

ve
 p

ul
se

s,
 1

00
 V

, 
10

0 
m

s,
 1

 p
ul

se
/m

in
M

id
lin

e 
ab

do
m

in
al

 
po

st
m

or
te

m
lip

id
 h

um
an

 
sk

in

1.
3-

fo
ld

 h
ig

he
r

E
ss

a 
et

 a
l. 

(2
00

3)

E
le

ct
ro

ly
te

s 
L

iC
l, 

N
aC

l, 
K

C
l, 

N
aF

, N
aC

l, 
N

aB
r, 

N
aI

, C
aC

l 2
, 

M
gC

l 2
, C

uC
l 2

, Z
nC

l 2
, C

aF
2, 

C
aB

r 2
, C

aI
2, 

Fe
C

l 3
, a

nd
 A

lC
l 3

; 
15

0 
m

M

C
al

ce
in

 s
od

iu
m

 (
62

3 
g/

m
ol

, 
1.

0 
m

M
)

Te
n 

pu
ls

es
, 3

00
 V

, 
10

 m
s,

 1
 p

ul
se

/s
A

bd
om

in
al

 
fu

ll-
th

ic
kn

es
s 

sk
in

 o
f 

ha
ir

le
ss

 
ra

ts

L
iC

l, 
N

aC
l, 

K
C

l: 
10

-,
 1

5.
3-

, 1
3.

3-
fo

ld
 

in
cr

ea
se

N
aF

, N
aB

r, 
N

aI
: 1

5-
, 2

1.
7-

, 2
1.

3-
fo

ld
 h

ig
he

r
C

aC
l 2

, M
gC

l 2
, C

aB
r 2

: 8
3.

3-
, 5

4.
7-

, 6
1.

7-
fo

ld
 

in
cr

ea
se

N
o 

en
ha

nc
in

g 
ef

fe
ct

s 
w

ith
 C

uC
l 2

, Z
nC

l 2
, 

Fe
C

l 3
, A

lC
l 3

To
ku

do
m

e 
an

d 
Su

gi
ba

ya
sh

i 
(2

00
3)

.

β-
cy

cl
od

ex
tr

in
 (

B
C

D
) 

an
d 

hy
dr

ox
yp

ro
py

l-
β-

cy
cl

od
ex

tr
in

 
(1

 m
M

)

Pi
ro

xi
ca

m
 a

nd
 c

ar
bo

xy
flu

or
es

ce
in

 
(C

F)
 (

0.
08

 m
g/

m
L

 a
nd

 
su

sp
en

si
on

s)

60
 p

ul
se

s 
at

 1
 H

z,
 

10
0 

V
, 1

 m
s

Po
rc

in
e 

be
lly

 
ep

id
er

m
is

Pi
ro

xi
ca

m
 s

us
pe

ns
io

n:
 1

8-
fo

ld
 in

cr
ea

se
C

F 
su

sp
en

si
on

: t
hr

ee
fo

ld
 in

cr
ea

se
M

ur
th

y 
et

 a
l. 

(2
00

4a
)

Pi
ro

xi
ca

m
, 0

.4
 m

g/
m

L
, 

pH
 =

 6
.3

D
od

ec
an

es
ul

fo
na

te
 (

1.
5 

an
d 

3 
m

g/
m

L
) 

an
d 

Tw
ee

n®
 8

0 
(0

.0
1 

an
d 

0.
04

 m
g/

m
L

)

80
 p

ul
se

s,
 1

50
–

40
0 

V
, 6

 m
s

Fu
ll-

th
ic

kn
es

s 
be

lly
 s

ki
n 

of
 a

 
ha

ir
le

ss
 m

ou
se

T
ra

ns
de

rm
al

 d
el

iv
er

y
ra

te
 d

ur
in

g 
th

e 
el

ec
tr

op
or

at
io

n 
w

as
 d

ou
bl

ed
 

in
 th

e 
pr

es
en

ce
 o

f 
SD

S 
(3

 m
g/

m
L

)
A

 h
ig

h 
tr

an
sd

er
m

al
 d

el
iv

er
y 

ra
te

 w
as

 
m

ai
nt

ai
ne

d 
fo

r 
a 

re
la

tiv
el

y 
lo

ng
 p

er
io

d

Ji
an

g 
et

 a
l. 

(2
00

7)

Ta
b

le
 2

6
.4

 
(c

on
tin

ue
d)

E. Piñón-Segundo et al.



411

very different charge: sulforhodamine (607  g/
mol, charge = −1e, red fluorescence) and calcein 
(623  g/mol, charge = −4e, green fluorescence). 
Side-by-side permeation chambers holding heat-
stripped human epidermis were used. The fluo-
rescent water-soluble molecules (1  mM) were 
provided in the donor chamber. Sodium heparin 
(20  kDa) in solution (0–200  mg/mL) was also 
provided in the donor compartment. Transport 
of the sulforhodamine was increased by hepa-
rin, whereas the transport of the highly charged 
calcein was decreased. For the largest heparin 
concentration (200  mg/mL), the maximum sul-
forhodamine transport increased by twofold, and 
the maximum calcein transport was decreased by 
threefold.

As mentioned above, electroporation disrupts 
lipid bilayers in the SC and creates channels 
which promote the passage of drugs through the 
skin. In 1997, Vanbever et al. hypothesized that 
macromolecules such as heparin (12 or 20 kDa), 
dextran sulfate (5 or 10  kDa), neutral dextran 
(10  kDa), and poly-L-lysine (9.5  kDa) could 
enhance transdermal transport of mannitol by 
skin electroporation. The in  vitro transdermal 
permeation of mannitol after electroporation 
applied either with or without macromolecules 
present in the donor solution was investigated. 
Under passive conditions, rates of transport were 
slow and did not increase when macromolecules 
were added to the donor compartment. On the 
other hand, application of an electroporation pro-
tocol increased mannitol transport by almost two 
orders of magnitude. The addition of macromol-
ecules (heparin or dextran sulfate) further 
increased mannitol permeation by a factor of up 
to 3.5. Additionally, the influence of different 
electroporation protocols was evaluated, as well 
as the influence of molecular size and charge of 
the macromolecules, used as chemical enhancers, 
on the permeation enhancement of mannitol. All 
macromolecules examined in the study signifi-
cantly enhanced mannitol transport. Charged 
compounds (i.e., dextran sulfate) were somewhat 
better than the uncharged ones (i.e., neutral dex-
tran). Within each chemical class, a greater 
enhancement resulted from compounds of higher 
MW and higher charge when electroporation 

protocols were applied, e.g., 10  kDa vs. 5  kDa 
dextran sulfate. The authors concluded that mac-
romolecules are introduced into skin during elec-
troporation, stabilizing the increased skin 
permeability caused by high-voltage pulses.

26.3.3.2	 �Keratolytic Molecules
Zewert et  al. (1999) hypothesized that a com-
bination of high-voltage pulsing (≈60–100  V, 
1 ms, 1 pulse/5 s for 1 h) and a keratolytic agent 
(sodium thiosulfate, STS) could create enlarged 
aqueous pathways that allow large quantities of 
macromolecules such as fluorescent DNA oligo-
nucleotide, FITC-labeled lactalbumin, and FITC-
labeled immunoglobulin G (FITC-labeled IgG) 
to be transported through human SC in  vitro. 
The use of 1 M sodium thiosulfate improved the 
transdermal flux of the aforementioned macro-
molecules. The flux of DNA oligonucleotide was 
increased by a factor of ~10,000, and the lactalbu-
min flux was augmented ~1,000-fold compared 
to controls. The authors proposed a model that 
assumes two barriers in the SC for the transport 
of molecules, one due to lipid bilayer membranes 
and the other due to the keratin. High-voltage 
pulsing are able to fluidize the lipids, but it 
does not have a significant effect on the keratin. 
Nevertheless, when small keratolytic molecules, 
such as sodium thiosulfate, enter into the cor-
neocytes by electroporation, the keratin matrix 
can be weakened, and corneocytes could be dis-
lodged. The dislodgement of corneocytes can cre-
ate microconduits (~50  m diameter) which can 
provide unhindered transport of essentially any 
size molecules. Results showed that transdermal 
fluxes of oligonucleotide, lactalbumin, and IgG 
were increased when STS was combined with 
high-voltage pulsing. These authors concluded 
that high-voltage pulses (>50 V) create straight-
through aqueous pathways that penetrate multila-
mellar bilayer membranes, corneocyte envelopes, 
and corneocyte interiors within the SC.

In a further experiment (Ilic et al. 1999), STS 
and urea were used together as keratolytic agents 
in combination with electroporation in order to 
control the microconduit creation when electro-
poration was applied to human skin. The authors 
reported a relatively fast (~5 min) electrochemical 
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protocol for the microfabrication of a microcon-
duit that (a) is created at a predetermined site in 
full-thickness human skin, (b) extends through 
the SC, and (c) involves an area of a few cor-
neocytes. Keratolytic agents were introduced 
into corneocytes at a predetermined microscopic 
area site electroporated by high-voltage pulsing. 
During high-voltage pulsing, negatively charged 
thiosulfate ions are electrically driven into cor-
neocytes, while the electrically neutral urea 
enters a corneocyte interior passively or by elec-
troosmosis. This study showed that SC-spanning 
microconduits (with diameters of about 200 nm) 
can be created in vivo by skin electroporation in 
combination with keratolytic molecules (e.g., 
STS and urea). This proposal could be useful 
to generate pathways through the SC either for 
transdermal drug delivery or for biochemical 
analyte extraction.

26.3.3.3	 �Lipids
The synergistic effect of lipids as chemical pene-
tration enhancers and electroporation was widely 
discussed by Sen et  al. (2002a, b). They pro-
posed that the use of lipid dispersions combined 
with skin electroporation to enhance the drug 
transport is an easier and more economic method 
in comparison with the use of liposomes. Lipid 
vesicles were prepared using the anionic lipids 
1,2-dioleoyl-3-phosphatidylglycerol (DOPG) 
and 1,2-dioleoyl-3-phosphatidylcholine (DOPC) 
(1:1 molar ratio) (Sen et al. 2002b). Three small 
fluorescent molecules were tested for their per-
meation: methylene blue (MB), protoporphyrin 
IX (PpIX), and protoporphyrin IX dimethyl ester 
(PpIXDME). When the lipids were mixed (not 
encapsulated) with the transport target molecule, 
the electroporation-induced transport through 
porcine epidermis was increased as compared 
to that without the lipids. The increased effi-
cacy suggests that the creation of more, larger, 
or longer-lived pores may be associated with 
exogenous lipids incorporated in the skin dur-
ing electroporation. Additionally, FITC-labeled 
dextrans (4–155 kDa) were used as high molecu-
lar weight target molecules. In this case, lipid-
enhanced transport was only observed for the 
4  kDa dextran (15-fold increase) and not for 

polymers with molecular weights 10  kDa and 
higher. Therefore, the addition of the lipid dis-
persion does not appear to increase the size of 
pores. Although results were not reported, the 
authors mentioned that the use of neutral phos-
pholipids and cationic lipids did not exhibit any 
enhancement for the transport of small or large 
molecules under electroporation. It is important 
to point out that the use of lipid dispersions as 
enhancers under skin electroporation is simpler 
and more economic compared to the liposomal 
encapsulation technique.

The use of lipids as transport enhancers for 
water-soluble molecules using electropora-
tion was analyzed by Sen et  al. (2002a). Lipid 
dispersions of dimyristoylphosphatidylserine 
(DMPS), phosphatidylserine from bovine brain 
(brain-PS), dioleoylphosphatidylserine (DOPS), 
and dioleoylphosphatidylglycerol (DOPG) were 
prepared by drying each lipid from chloroform 
solutions and then vortexing in Tris buffer. Under 
these conditions, small oligolamellar vesicles 
were obtained. Carboxyfluorescein (CF) and 
FITC-labeled dextrans (4 kDa and 9 kDa) were 
used as water-soluble model substances to study 
skin permeation. DMPS, DOPS, and DOPG 
liposomes weakly enhanced the transport of CF 
molecules (enhancement ratio ~2). Differential 
enhancement was observed with larger mole-
cules, for example, the permeation enhancement 
for dextran (4 kDa) was much higher with DMPS 
liposomes as compared to brain-PS, DOPG, or 
DOPS liposomes. The enhancement ratios of 
1 mg/mL DMPS, brain-PS, and DOPS liposomes 
vs. control were ~80, 12, and 1, respectively. The 
authors also used rhodamine-labeled phosphati-
dylethanolamine (rhodamine-PE) as a tracer for 
conventional and confocal laser scanning micros-
copy, to determine the location of exogenous 
phospholipids incorporated in the SC.  Buffer 
solutions containing CF or FITC–dextran 4 kDa, 
and DMPS, DOPS, or DOPG liposomes labeled 
with rhodamine-PE, were placed in the donor 
chamber. Sixty negative electric pulses of 140–
250 V and 1 ms duration at 1 Hz were applied 
to the donor chamber. The results evidenced that 
the penetration of CF and FITC–dextran 4 kDa 
was concentrated in  localized transport spots or 
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regions (LTRs) generated by the electropora-
tion pulses. Anionic phospholipids, especially 
DMPS, were located at the center of the LTRs 
and spanned the entire SC. The densities of LTRs 
created were not influenced by the degree of satu-
ration of the anionic phospholipids analyzed.

The effect of a lipid dispersion of DMPS on 
the transdermal transport of insulin by electro-
poration was examined some years ago by Sen 
et al. (2002c). In vitro studies using porcine epi-
dermis demonstrated a permeation enhancement 
of 20-fold when electroporation was applied. 
Fluorescence microscopy revealed that insulin 
transport occurred mainly through the lipid 
bilayers around the corneocytes. Once they had 
demonstrated that DMPS prolongs the perme-
able state of the epidermis following electro-
poration, Murthy et  al. (2006) studied the 
transdermal transport of insulin and the extrac-
tion of interstitial glucose under anodal ionto-
phoresis following electroporation in the 
presence of DMPS. Their results confirmed that 
DMPS stabilizes the transport pathways formed 
by electroporation because it retards the reseal-
ing of the pathways. Furthermore, coupling ion-
tophoresis with electroporation in the presence 
of DMPS helped in achieving a much higher 
permeation of insulin with a significantly 
reduced electrical exposure, as compared to 
electroporation alone.

The effect of the combination of electropora-
tion and ultradeformable lipid vesicles of phos-
phatidylcholine/sodium cholate (86:14 %, w/w) 
containing a neutral lipophilic molecule (estra-
diol) was evaluated by Essa et  al. (2003). The 
electroporation protocol involved five pulses of 
100 V each, applied to the skin for 100 ms with 
1  min spacing. Cathodic electroporation was 
employed, since liposomes were negatively 
charged. Electroporation of a saturated estradiol 
solution increased transdermal penetration of 
estradiol through human epidermis (16-fold), in 
comparison to passive diffusion. In contrast, 
ultradeformable liposomes used with electropor-
ation increased only slightly the skin penetration 
of estradiol (1.3-fold).

In a further study, Essa et  al. (2004) com-
pared the combined use of electroporation and 

iontophoresis in the transdermal penetration of 
estradiol from ultradeformable phosphatidylcho-
line (PC)-based liposomes and a saturated aque-
ous estradiol solution. Electroporation used square 
wave pulses (five pulses, 100 V, 100 ms, spacing 
of 1 min) at the start time, immediately followed 
by iontophoresis (0.8 mA/cm2) for 2 h. For ultra-
deformable PC-based liposomes, the combination 
of both electrical techniques increased the flux by 
17- and 2.3-fold compared to passive and ionto-
phoretic deliveries, respectively.

Wong and collaborators published in 2005 a 
study intended to enhance the transdermal deliv-
ery of methotrexate (MTX) by electroporation, 
together with concurrent iontophoresis, anionic 
lipid enhancers, (DMPS liposomes), and local 
hyperthermia (Wong et al. 2005). Electroporation 
of MTX with DMPS liposomes under a mild 
hyperthermic environment (40  °C) provided a 
significant transdermal delivery (11.5-fold higher 
compared to passive diffusion control).

26.3.3.4	 �Electrolytes
Tokudome and Sugibayashi (2003) examined the 
effects of electrolytes in combination with elec-
troporation on the skin permeation of calcein 
(1.0 mM) as a model permeant, through hairless 
rat skin. Synergic effect of electroporation and 
monovalent metal chloride electrolytes (LiCl, 
NaCl, KCl), sodium halogen electrolytes (NaF, 
NaCl, NaBr, NaI), divalent metal chloride elec-
trolytes (CaCl2, MgCl2, CuCl2, ZnCl2), calcium 
halogen electrolytes (CaF2, CaBr2, CaI2), and tri-
valent metal chlorides (FeCl3, AlCl3), used at a 
concentration of 150  mM, was analyzed. The 
pulse voltage and duration were 300 V and 10 ms, 
respectively. Ten pulses (one pulse every second) 
were applied at the beginning of the experiments. 
Addition of CaCl2 or MgCl2 increased the skin 
permeation of calcein; permeation was increased 
by 250- and 164-fold when compared with pas-
sive diffusion and 83.3- and 54.7-fold when com-
pared to electroporation but without these 
electrolytes. Ca2+ and Mg2+ exerted a greater 
effect than other cations (Na+, Zn2+, Cu2+, Fe3+, 
and Al3+). Results suggest that skin pores pro-
duced by electroporation in the presence of elec-
trolytes remain open probably for a few hours 
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and that electroporation treatment is a suitable 
pretreatment tool in order to increase the skin 
permeation of drugs.

In order to clarify the mechanism of transder-
mal enhancement by the combined treatment of 
CaCl2 and electroporation, the changes in the 
skin lamellar structure were evaluated based on 
lipid motility in the SC by attenuated total reflec-
tance Fourier transform infrared spectroscopy 
(ATR-FTIR) (Tokudome and Sugibayashi 2004). 
In vivo electroporation studies were carried out 
in anesthetized hairless rats (ten pulses, 100  V, 
10 ms; one pulse every second). Three test solu-
tions were placed in the glass cell: distilled water, 
NaCl, and CaCl2. Immediately, 6 or 24  h after 
in vivo electroporation treatment, the abdominal 
skin of hairless rat was excised, and ATR-FTIR 
measurements were made. The authors suggested 
that CaCl2 alters the barrier function of the skin, 
but the mechanism was not clarified.

26.3.3.5	 �Cyclodextrins
In 2004, Murthy and coworkers (2004a) explored 
the advantages of using cyclodextrins (CD) as 
drug carriers in transdermal delivery across por-
cine epidermis combined with electroporation. 
They hypothesized that complexation of lipo-
philic drugs with β-cyclodextrin (BCD) would 
help in the transepidermal transport and absorp-
tion of these drugs by electroporation; also, 
complexation of hydrophilic drugs with 
hydroxypropyl-β-cyclodextrin (HPBCD) would 
increase their retention time in the skin layers. 
Piroxicam (log P = 1.8), a lipophilic drug, and 
carboxyfluorescein (CF, log P = 0.14), a hydro-
philic anionic dye, were used as test permeants 
in the in vitro study. Transport studies were car-
ried out with a 0.08  mg/ml solution or a satu-
rated solution including undissolved solid 
particles (suspension) of the test permeants, CF 
or piroxicam (saturation solubility: CF = 24 mg/
ml, piroxicam = 2 mg/ml in PBS). The concen-
tration of CD was always 1 mM in PBS. Results 
showed that the presence of BCD and HPBCD 
enhanced the total transport of piroxicam and 
CF, from both CF and piroxicam permeant solu-
tions and suspensions. The total transport of 
piroxicam from the suspension by electropora-

tion in the absence and in the presence of cyclo-
dextrins was 2.87 and 51.63  g/cm2 (18-fold 
increase), respectively, whereas for CF it was 
25.16 and 81.06  g/cm2 (threefold increase), 
respectively. The protocol for the electroporation 
experiment was 60 pulses (at 1 Hz), each of 1 ms 
duration at 100 V, plus an additional post-pulse 
waiting period of 30 min.

26.3.3.6	 �Surfactants
The influence of surfactants to hinder the shrink-
age and resealing of the electropores and to pro-
long the lifetime of the aqueous pathways had 
been analyzed by Jiang et al. (2007). They stud-
ied their effects by determining the electrical fea-
tures of the skin and by fluorescence imaging of 
hairless mice skin, in the presence of sodium 
dodecanesulfonate and polysorbate 80 (Tween® 
80). The authors reported a larger transport area, 
maintained for a longer time, when these surfac-
tants were used.

The influence of sodium dodecyl sulfate 
(SDS) on the transdermal transport of glucose 
and FITC-labeled dextran by electroporation was 
studied in porcine epidermis (Murthy et  al. 
2004b). The electrical resistance of porcine epi-
dermis in contact with SDS solution (0.2 % w/v) 
dropped by 40 % within 24 h. SDS improved the 
efficiency of electroporation on the transdermal 
delivery of glucose and dextrans with molecular 
weights of 4  kDa and 10  kDa, respectively. 
However, the transport of 35 kDa dextran was not 
influenced significantly. The total transport of 
glucose was voltage dependent. Pretreatment of 
epidermis with SDS solution reduced its electro-
poration threshold from 80 to 60 V. In the pres-
ence of SDS, a higher degree of membrane 
permeability may be achieved with a lower volt-
age. SDS enhanced the transdermal delivery of 
molecules by electroporation most likely by 
facilitating the barrier disruption during pulse 
application and also by prolonging the lifetime of 
electropores created by the pulse.

26.3.3.7	 �Others
The benefits of the combination of a chemical 
enhancer, terpene d-limonene, with skin electro-
poration were investigated by Becker et  al. 
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(2008). They developed a transient finite model 
in which the thermal and electrical behaviors 
associated with electroporation were analyzed in 
human skin in vivo. They assumed that chemical 
agents applied to the skin reduce the phase transi-
tion temperatures of skin lipids. Consequently, 
solute transport through the SC is enhanced as 
compared to untreated skin. The authors found 
that the combination of the terpene enhancer with 
electroporation significantly increased the trans-
dermal transport.

Liu et al. (2006) proposed a trimodality treat-
ment comprising a pretreatment with laurocap-
ram (Azone®) and ultrasound followed by 
electroporation. However, although it was sug-
gested that ultrasound may fluidize SC lipids, 
thereby making them more susceptible to electro-
poration, this treatment was not effective in 
enhancing the topical delivery of cyclosporine A.

26.4	 �Chemical Enhancers 
and Microneedles

26.4.1	 �What Are Microneedles?

Although the concept of microneedles goes back 
to 1976, when ALZA Corporation patented the 
idea (Gerstel et  al. 1976), their application for 
transdermal delivery was proposed by Henry 
et al. in 1998. Microneedles can be considered as 
hybrid systems, between hypodermic needles 
and transdermal patches. They are able to pierce 
the skin in a painless manner, passing through the 
SC, and thereby bypassing the most important 
permeability barrier of the skin. Depending on 
their structure, microneedles can act as a channel 
to direct the drug into the skin (e.g., hollow nee-
dles) or they can be per se the delivery system 
(e.g., polymeric microneedles containing the 
drug). This makes possible the administration of 
large proteins or even particles (Arora et  al. 
2008). The combination of microneedles and 
physical enhancers such as iontophoresis and 
electroporation has been described by Nava-
Arzaluz et al. (2012). These authors focused also 
on the administration of micro- and nanocarriers 
through microneedles.

26.4.2	 �Synergistic Enhancement 
Effect of Microneedles 
and Chemical Enhancers

As microneedles bypass the SC, which consti-
tutes the main permeability barrier, further use of 
chemical enhancers is unnecessary. However, 
some papers that mention the use of a formula-
tion or a chemical enhancer with microneedles 
are listed below.

Badran et al. (2009) studied the permeation of 
hydrophilic model drugs included in invasomes 
containing PC, terpenes, and ethanol as penetra-
tion enhancers. The addition of ethanol and ter-
penes not only makes vesicles highly flexible but 
also acts by disturbing the SC lipids. The small 
size of invasomes is also responsible for the pen-
etration enhancing effect. Compared with an 
aqueous solution, invasomes were shown to be 
more effective in delivering the model drugs into 
deep skin layers. However, skin perforation led to 
a further enhancement. A similar trend was found 
for deformable vesicles containing a bile salt. 
The authors (Qiu et al. 2008) observed an impor-
tant decrease of lag time and an increase in drug 
permeation as a result of the combined effect of 
microneedles and elastic liposomes.

David and Mahmood (2010) proposed a 
microneedle device for the transdermal delivery 
of biologically active agents. Microneedles are 
coated with a formulation comprising botulinum 
neurotoxin and an enzyme system which digest 
the extracellular matrix (penetration enhancer). 
Several penetration enhancers could be used, for 
example, enzymes or enzyme mixture (papain, 
hyaluronidase, streptokinase, trypsin, alpha-
amylase, collagenase, etc.), Azone®, or propylene 
glycol. In 2011, Yang et  al. (2011) studied the 
transdermal delivery of cyanocobalamin in an 
animal model (male hairless rats). Different 
enhancement techniques were applied: chemical 
enhancers (ethanol, oleic acid, propylene glycol), 
anodal iontophoresis, and soluble maltose 
microneedles. The treatment with microneedles 
increased 13-fold the cumulative amount deliv-
ered, in comparison to passive delivery. Results 
showed that pretreating skin with chemical 
enhancers (50 % ethanol + 10 % oleic acid + 40 % 
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propylene glycol) prior to microneedle-mediated 
delivery did not result in any further enhance-
ment on cyanocobalamin delivery.

The use of chemical penetration enhancers, 
limonene and ethanol, added to the nanostruc-
tured lipid carriers, promoted a synergistic per-
meation enhancement of olanzapine and 
simvastatin through skin pre-treated with a 
microneedle roller device (Vitorino et al. 2014).

Recently, Patel and collaborators (2015) 
developed a metered dose transdermal spray 
(MDTS) of lopinavir and analyzed its permeation 
through microporated skin. MDTS consists of 
drug and film forming polymer (with or without 
chemical penetration enhancer) dissolved in a 
volatile solvent. Once applied, the volatile com-
ponents rapidly evaporate leaving behind a thin, 
uniform transdermal film with drug. Kollidon® 
VA 64 and isopropyl myristate were used as film 
forming polymer and chemical permeation 
enhancer, respectively. Formulation was opti-
mized varying Kollidon® VA 64 level and a 
microneedle roller was used as a physical way to 
facilitate the drug permeation. The microporation 
of skin and the use of the penetration enhancer 
showed a high permeation enhancement ratio.

�Conclusions

The skin represents an appealing route for 
the delivery of drugs since it avoids some of 
the drawbacks of oral and parenteral admin-
istration. Emerging techniques comprising 
chemical and physical enhancers have been 
studied in an attempt to increase the number 
of drugs that could be administered through 
the skin. Although chemical penetration 
enhancers have offered a simple alternative 
to promote the permeation of small mol-
ecules, and physical enhancement methods 
provide a feasible way to facilitate the admin-
istration of hydrophilic macromolecules, 
the combined use of chemical and physical 
enhancers can lead to a better delivery into 
and through the skin, widening the number 
of drugs that can be administered by this 
route. Progressive miniaturization of systems 
and a better control of critical parameters 
have allowed the commercialization of some 

of them. However, further studies are still 
needed, mainly with regard to the combined 
use of enhancers. Furthermore, the long-term 
biological effects of multiple enhancer appli-
cations should also be determined. Another 
important factor that should be addressed for 
the future direction of transdermal delivery 
is the combination of nanotechnology with 
the physical penetration enhancers described 
here. While permeation enhancers can be an 
excellent option to favor the passage of nano-
carriers, these vectors can provide a con-
trolled delivery of the drug.
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27.1	 �Introduction

Progress in biomedicine has revolutionized the 
treatment of various diseases. Recent advances in 
biotechnology and bioinformatics allow rational-
ized design, scale-up production, and high-purity 
separation of biopharmaceuticals, which enables 
their commercialization. Currently, there are over 
300 bio-products on US markets, most of which 
are protein based (Banga 2011). Therapeutic pep-
tides and proteins have become increasingly 
attractive in recent decades. However, marketed 
protein drugs are administered exclusively via 
injections. Parenteral route is invasive and expen-
sive. Frequent dosing is also required due to short 
half-life of proteins. This results in huge demands 
for alternative drug delivery systems. Novel 
routes of administration such as pulmonary, 
intranasal, buccal, and transdermal routes are 
being investigated for efficient delivery of pep-
tides and proteins.

The transdermal route provides many advan-
tages for the delivery of peptides and proteins 
including bypassing gastrointestinal degradation 
and hepatic metabolism, offering controlled 
release of drugs, ease of administration, and on-
demand termination. However, the skin barrier 
must be overcome to achieve effective drug deliv-
ery. The highly impermeable stratum corneum 
layer of the skin prevents entry of most exoge-
nous substances. It is widely accepted that only 
small and moderately lipophilic molecules 
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(molecular weight (MW) < 500  Da, octanol–
water partition coefficient (logP) ~ 1–3) are read-
ily permeable across the skin (Bos and Meinardi 
2000). Proteins being hydrophilic macromole-
cules cannot penetrate passively across the skin.

Many enhancement techniques have been 
investigated to enable transdermal delivery of 
peptides and proteins. The use of permeation 
enhancers and nanocarriers has been stud-
ied. Conventional permeation enhancers like 
fatty acids/alcohols, terpenes, and surfactants 
improve transdermal delivery by fluidizing or 
extracting intercellular lipids of the stratum 
corneum, opening tight junctions of keratino-
cytes, or increasing drug partitioning into the 
skin. Their enhancement effect, however, is lim-
ited to small peptides. An emerging technique 
uses cell-penetrating peptides conjugated to or 
coadministered with protein drugs. For exam-
ple, Chen et  al. have designed a cyclic cell-
penetrating peptide which has been reported to 
result in improved transdermal delivery of insu-
lin and suppressed blood glucose levels in rats 
(Chen et  al. 2006). Other approaches includ-
ing covalently/non-covalently linked protein 
transduction domains or the use of nanocarriers 
have also helped improve transdermal and topi-
cal penetration of peptides (Lopes et  al. 2008; 
Manosroi et  al. 2011). Nanocarriers have been 
shown to deliver macromolecules into viable 
epidermis and bloodstream via transfollicular 
route (Knorr et al. 2009). For example, desmo-
pressin acetate could be delivered across human 
skin when it was formulated as a microemul-
sion. The amount delivered across the skin was 
6 % of the applied dose but relevant to the thera-
peutic dose (Getie et al. 2005). Transfersomes, 
or deformable liposomes, are unique vascular 
vehicles which penetrate through the skin by 
squeezing themselves between intercellular lip-
ids. These nanocarriers have been used to enable 
transdermal delivery of heparin, interferon, and 
insulin (Song et al. 2011; Foldvari et al. 2011; 
Cevc 2003). However, it should be noted that 
these formulation techniques generally need to 
be supplemented with active physical enhance-
ment techniques to assist delivery of larger pro-
teins across the skin.

Active physical enhancement technologies 
have been shown to assist transdermal delivery of 
macromolecules such as peptides and proteins. 
Active physical enhancement techniques include 
energy-assisted techniques such as iontophoresis, 
electroporation, and sonophoresis or techniques 
which compromise the barrier properties of the 
stratum corneum, namely, microneedles, thermal 
ablation, and laser ablation. Iontophoresis and 
sonophoresis allow for programmed devices and 
personalized therapy. Microneedles offer patient-
compliant drug delivery without the use of bulky 
devices. Electroporation and jet injectors provide 
an additional advantage of delivering drugs into 
cells. Some of the devices in the market or under 
development are listed in Table 27.1.

27.2	 �General Considerations 
for Transdermal Delivery 
of Peptides and Proteins

Protein-based biopharmaceuticals include hor-
mones, enzymes, cytokines, antibodies, and vac-
cines (Table  27.2). Understanding the protein/
peptide structure including protein size, shape, 
isoelectric point (pI), amino acid sequence, and 
three-dimensional structures is essential for the 
choice of transdermal enhancement techniques 
and design of formulations. Most therapeutic 
proteins are globular proteins that are well com-
pacted. However, their size is not small enough to 
pass through the tight intercellular junctions in 
the stratum corneum. Therefore, additional driv-
ing force or pathways are required to support 
their transdermal delivery. The pI of peptides is 
also an important consideration especially for 
iontophoresis-assisted transdermal delivery of 
peptides. This will be discussed in more detail in 
the iontophoresis section. In addition to the phys-
icochemical properties of proteins, formulation 
factors also play an important role in transdermal 
delivery of proteins. The pH, ionic strength of 
buffers used in the formulation, protein concen-
tration, formulation viscosity, and the presence of 
surfactants influence the stability of protein drugs 
and in turn influence their transdermal delivery. 
An ideal formulation should avoid protein 
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aggregation and degradation during shelf life and 
maintain bioactivity throughout the transport of 
proteins across the skin. Another important factor 
affecting the efficacy of transdermal protein 
delivery is dermal metabolism. In general, the 
skin has much lower enzyme activity as com-
pared to mucosa and gastrointestinal tract. 
However, topically applied peptides and proteins 
are still subjected to considerable enzymatic deg-
radation compromising their transdermal deliv-
ery. Such enzyme-sensitive peptides and proteins 
include thyrotropin-releasing hormone, vaso-
pressin, luteinizing hormone-releasing hormone, 
and bovine serum albumin (BSA) (Huang and 
Wu 1996; Banga et al. 1995; Bachhav and Kalia 
2009; Pikal and Shah 1990; Choi et  al. 1990). 
Addition of protease inhibitors such as aprotinin 

to the formulation may help address the issue of 
proteolytic degradation of peptides and proteins 
during their transport across the skin.

27.3	 �Physical Enhancement 
Techniques Assisting 
Transdermal Delivery 
of Peptides and Proteins

27.3.1	 �Microneedles

Over the past decade, microneedles have been 
developed as a minimally invasive and painless 
technology for transdermal drug delivery. 
Microneedles are tiny needles used to create 
micron-sized pores in the skin. These pores result 

Table 27.1  Commercialization of physical enhancement devices and products (products are/were recently in 
development)

Enhancement technology Devices/products Company

Microneedles Macroflux® technology Zosano Pharma (USA)

sMTS and hMTS technology 3 M (USA)

DermaRoller® DermaRoller (USA)

MicroCorTM Corium (USA)

BD SoluviaTM Becton Dickinson (USA)

Soluble microneedles Elegaphy (Japan)

MicronJet needles (hollow)
MicroPyramid platform

Nanopass (Israel)

Iontophoresis IsisIQTM Isis Biopolymer (USA)

LidoSite® Vyteris (USA)

Lidoderm®, Iontopatch® Teikoku Pharma (USA)

Empi Action Patch™ Empi (USA)

IDDS Dharma Therapeutics (USA)

Transderm® Ionto System Mattioli Engineering (USA, 
Germany, Italy)

Trivarion®, ActivaPatch® ActivaTek™ (USA)

Sonophoresis SonoPrep® (withdrawn) Echo Therapeutics (USA)

U-StripTM and U-WandTM Transdermal Specialties (USA)

Jet injector GentleJet Activa (Canada)

GentleJet, Medi-Jector VISION® Antares (USA)

Biojector®, ZetaJet, cool.clickTM BioJect (USA)

SQ-PEN The Medical House PLC (UK)

Laser ablation P.L.E.A.S.E.® Pantec Biosolutions AG 
(Liechtenstein)

Epiture Easytouch TM Norwood Abbey (Australia)

Thermal ablation Passport® Patch Altea Therapeutics (USA)

Radio-frequency ablation ViaDermTM TransPharma Medical (Israel)
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in disruption of the stratum corneum layer 
bypassing the rate-limiting barrier for transder-
mal permeation and enabling the transport of 
macromolecules across the skin. Microneedles 
vary in length and shape but typically create 
microchannels that penetrate through the stratum 
corneum and a portion of the epidermis. Since 
these needles do not reach the dermis layer of the 
skin containing nerves and blood vessels, micro-
poration is a painless enhancement technique for 
transdermal delivery. The pores created are tran-
sient as the stratum corneum naturally recovers 
through desquamation. Thus, this technique is 
painless and convenient and offers a highly prom-
ising solution for transdermal delivery of a vari-
ety of macromolecules that are not effectively 
delivered by passive transdermal delivery.

In 1998 Henry et al. published the first study 
on the use of microneedles for transdermal drug 

delivery and reported increased permeability of 
the human skin for model hydrophilic drug cal-
cein (Henry et al. 1998). Since then, there has 
been increasing interest in this technology, and 
it has been used to deliver a wide range of drug 
molecules including hydrophilic compounds 
and macromolecules into and across the skin 
(Prausnitz and Langer 2008; Gupta et al. 2011; 
Zhang et  al. 2010; Duan et  al. 2011; Banga 
2009). The reason behind this increased interest 
in microneedle-assisted transdermal drug deliv-
ery can be attributed to both potential benefits 
of this technology for patients and technologi-
cal advances in microfabrication technology 
exploring range of materials for a variety of 
sizes and shapes of needles (Saurer et al. 2010; 
Chu et  al. 2010; Lee and Jung 2012). 
Microneedles may be as solid or hollow in 
design. They can be fabricated into a variety of 

Table 27.2  Therapeutic peptides and proteins investigated for transdermal route

Peptide/protein MW (Da) pI Current route Indications

Hormones

Thyrotropin-releasing hormone 
(TRH)

362 – iv. Adjunctive agent in diagnosis of 
thyroid function

Vasopressin and analogues 1050 10.9 im. Enuresis, polyuria, diabetes 
insipidus, etc.

Luteinizing hormone-releasing 
hormone (LHRH or GnRH)

1182 9.6 iv. Infertility

Leuprolide 1209 9.2 sc. im. Prostate cancer, endometriosis, 
uterine fibroids

Salmon calcitonin 3431 10.4 im. nasal Postmenopausal osteoporosis
Paget’s disease

Insulin 6000 5.4 iv. sc. oral Diabetes

Parathyroid hormone 9420 5 sc. Osteoporosis

Follicle-stimulating hormone (FSH) 34,000 7.5 im. Infertility

Human growth hormone (hGH) 22,000 5.3 sc. hGH deficiency, Turner syndrome

Growth factors and cytokines

Epidermal growth factor 6000 4.6 Topical Wound healing

Human basic fibroblast growth factor 17,400 9.6 Topical Wound healing

Interferon-α-2b 19,000 6 iv. Chronic hepatitis C, leukemia, 
acquired immunodeficiency 
syndrome-related Kaposi’s sarcoma

Interferon-β-1a 22,500 8.9 iv. Multiple sclerosis, condyloma 
acuminatum

Erythropoietin 18,400 8.6 iv. sc. Anemia

Antibodies

Immunoglobulin G 150,000 6.1–8.5 iv. Immunomodulation

Banga 2006, and http://www.drugbank.ca/ Accessed 15 Nov 2012
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geometries and dimensions and can be made 
from several materials including silicon, met-
als, polymers, and sugars. Depending on 
microneedle design, there are four types of 
approaches to apply microneedles, “poke and 
patch” or “coat and poke” for solid micronee-
dles, “poke and dissolve” for dissolving 
microneedles, as well as “poke and flow” 
approach for hollow microneedles (van der 
Maaden et al. 2012).

We briefly summarized some of the recent 
work on the use of microneedles for transder-
mal delivery of peptides and protein below. Tas 
et al. have reported development of a transder-
mal patch containing microneedles coated with 
peptide, salmon calcitonin (sCT) as an alterna-
tive to conventional subcutaneous and nasal 
delivery route using hairless rat model (Tas 
et al. 2012). They reported that these micronee-
dles delivered similar amounts of sCT com-
pared to subcutaneous administration and 
significantly higher amounts of sCT in compar-
ison to nasal administration. Ito et  al. have 
employed insulin-loaded dissolving micronee-
dles for transdermal administration of insulin 
(Ito et al. 2012). The hypoglycemic effect in rat 
after delivery of insulin through microneedles 
was compared with subcutaneous injection. 
They reported relative pharmacological avail-
ability of approximately 98 % for insulin using 
two-layered dissolving microneedles. Similarly, 
Martanto et al. reported decrease in blood glu-
cose level of up to 80 % in diabetic rats follow-
ing transdermal administration of insulin 
through hollow and solid metal microneedles 
(Martanto et  al. 2004; Davis et  al. 2005). 
Similarly, other researchers have reported suc-
cessful microneedle-mediated delivery of pro-
tein and peptides including parathyroid 
hormone, desmopressin, insulin, human growth 
hormone, human immunoglobulin (IgG), and 
erythropoietin through the skin (Ito et al. 2012; 
Cormier et  al. 2004; Li et  al. 2009; Daddona 
et  al. 2011; Kumar and Banga 2012; Peters 
et al. 2012). Several other companies including 
3 M and Becton Dickinson are currently devel-
oping this technology for transdermal delivery 
of a number of macromolecules (see Table 27.1).

The delivery of protein and peptides with 
microneedles can be affected by several 
parameters including length of microneedles, 
number of microneedles in a unit area, drug 
formulation, and basic design/geometry of 
microneedles. Microneedle length is an impor-
tant parameter that controls the depth of 
microchannels and subsequent drug delivery 
through these microchannels. Typically, 
microneedles of length ranging from 50 to 
900 μm have been reported in literature (Banga 
2011). An applicator or an insertion device 
may be required to insert shorter microneedles 
(<200  μm), while longer needles can be 
applied manually. The speed and time of appli-
cation are also contributing factors that govern 
the total force applied on to the needles to 
porate the skin. Needle density (number of 
microneedles in unit area) also affects the effi-
cacy of application. If there are many needles 
in small area and needle-to-needle spacing is 
too small, the pressure applied on each 
microneedle is compromised creating a bed-
of-nails effect and resulting in insufficient 
force to penetrate the skin.

Although insertion of microneedles is gener-
ally painless, optimization of needle length and 
density is required to avoid possible injury or 
pain. There are published studies investigating 
pain associated with microneedle application 
(Gill and Prausnitz 2007; Bal et al. 2008). Bal 
et  al. have shown that application of 550  μm 
length solid and assembled microneedles was 
effective in breaching the skin barrier in human 
volunteers without causing any pain and had 
minimal skin irritation issues (Bal et al. 2008). 
Kaushik et al. carried out a small trial to deter-
mine if microneedles are perceived as painless 
by human subjects. An array of 150  μm long 
microneedles (400 needles in an area of 3 cm × 
3 cm) was inserted into the skin of subjects and 
compared to pressing a flat surface against the 
skin (negative control) and inserting a 26-gauge 
hypodermic needle into the skin surface (posi-
tive control). Subjects were unable to distin-
guish between the painless sensation of the flat 
surface and application of microneedles 
(Kaushik et al. 2001).
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Following microporation, the skin starts to 
heal and regain its barrier properties, but time 
required for complete closure of micropores is a 
critical factor as open pores may cause issues 
such as irritation and infection. Kalluri and Banga 
have studied pore closure in hairless rats with 
soluble microneedles (Kalluri and Banga 2011a, 
b). They reported that the skin begins reestablish-
ing its barrier functions in 3–4 h after micronee-
dle treatment, but complete closure of pore takes 
up to 15  h. They also observed that occlusion 
with a plastic film or any solution delayed pore 
closure for up to 72 h. Thus, the microchannels 
allow drug delivery, while drug formulation is 
applied and pores start to close at faster rate once 
solution is removed. Haq et al. have studied the 
microchannel repair and resealing in human sub-
jects with microneedles array (Haq et al. 2009). 
They also reported evident sign of microchannel 
repair and complete resealing within 8–24 h after 
application. Considering the advantages and 
safety of this technology, microneedles have 
important implication in transdermal delivery of 
peptides and proteins.

27.3.2	 �Iontophoresis

Iontophoresis is the use of mild current (generally 
less than 0.5 mA/cm2) to propel drug molecules 
into the skin. This technique provides good poten-
tial for transdermal delivery of various peptides 
and small proteins. Iontophoresis enhances drug 
permeation via two mechanisms – electromigra-
tion and electroosmosis. Electromigration is the 
repulsion of charged molecules by the electrode 
with the same charge. It is the major mechanism 
for iontophoretic delivery of protein, which is 
reported to account for over 70 % of total perme-
ation of peptides and proteins (Abla et al. 2005; 
Cazares-Delgadillo et  al. 2007). Electroosmosis 
refers to a bulk flow of water from anode to cath-
ode under the influence of electric current. Since 
the skin is negatively charged, the movement of 
positively charged ions across the skin is favored. 
These ions such as sodium carry water of hydra-
tion along with them as they are transported 
across the skin under the influence of current. 

Hydrophilic molecules of therapeutic interest 
may be solvated by this water of hydration and 
transported into and across the skin.

Iontophoresis-mediated transdermal delivery 
of peptides and proteins is dependent on the 
physicochemical properties of these biomole-
cules. Iontophoresis can assist transdermal 
delivery of proteins ranging up to ~15  kDa 
(Kalluri and Banga 2011b). However, additional 
enhancement techniques may be required to 
deliver larger proteins or monoclonal antibodies 
across the skin using this enhancement tech-
nique. The isoelectric point or pI of peptides is 
another important consideration for iontopho-
retic transdermal delivery. Iontophoresis is chal-
lenging if the pI of protein is in the range of 
4–7.4 (Lee et al. 1995). This is because the pH 
of the skin ranges from 4 at the surface of the 
skin to 7.4  in the dermis. Therefore, proteins 
with pI of 4–7.4 tend to lose charge as they 
move across the skin (at pI = pH). Proteins with 
pI lower than 4 and higher than 7.4 would 
remain charged throughout their transport 
across the skin and are better candidates for ion-
tophoretic delivery. Vasopressin having pI of 
10.9 (Nair and Panchagnula 2003; Schuetz et al. 
2005) and salmon calcitonin having pI of 10.4 
(Chaturvedula et al. 2005) are hence good can-
didates for iontophoretic transdermal delivery.

In addition to physicochemical properties, for-
mulation parameters also play an important role 
in optimizing iontophoretic transdermal delivery. 
If electromigration is predominant, the iontopho-
retic flux is proportional to the current applied as 
per Faraday’s law (Phipps et  al. 1989; Mudry 
et al. 2006):

	
Flux

ti

zi
=

´
´
I

F 	
(27.1)

where ti and zi are the transport number and 
valence of ion i, respectively, I is the current 
applied, and F is Faraday’s constant. Transport 
number is the fraction of the total current trans-
ported by a specific ion. Therefore the protein 
concentration and presence of other ions in the 
formulation will affect iontophoretic delivery. 
Increase in protein concentration can improve 
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iontophoretic delivery, but high protein concen-
tration may also result in aggregation. Pillai et al. 
studied the effect of insulin concentration on its 
iontophoretic transdermal delivery. Optimal per-
meation of insulin was obtained at the concentra-
tion of 75  IU/ml. Further increase in insulin 
concentration compromised transdermal delivery 
(Pillai et  al. 2003). Another important factor 
influencing protein delivery is ionic strength of 
the formulation. Co-ions and counterions will 
compete with peptides and proteins for transport 
due to relatively low mobility of these macromol-
ecules. In general, a decrease of ionic strength is 
favored to reduce this competitive effect. 
However, certain levels of salts are required to 
maintain the formulation conductivity and pro-
tein solubility.

Iontophoresis parameters also influence trans-
dermal delivery. Most studies use direct current 
(DC) iontophoresis although it has some limita-
tions such as limited application time, increase in 
impedance, and change of skin biology. Pulsed 
DC and alternating current (AC) iontophoresis 
were also examined. These conditions were 
shown to avoid skin polarization, prolong treat-
ment duration, and reduce discomforts of 
patients. Raiman et al. found that 75 % pulsed DC 
resulted in significantly higher delivery of LHRH 
and nafarelin as compared to DC iontophoresis, 
whereas AC iontophoresis showed lowest perme-
ation (Raiman et  al. 2004). On the contrary, 
Lvovich et al. reported AC iontophoresis resulted 
in higher permeation of insulin as compared to 
DC iontophoresis (Lvovich et al. 2010). Thus, the 
enhancement following different types of ionto-
phoresis may vary case by case.

Iontophoresis is used to assist delivery of leu-
prolide at different pH (Kochhar and Imanidis 
2004). The optimal permeation was obtained at 
pH  7.2. Due to the competition of buffer salts, 
only 1 % of the current actually assisted leupro-
lide delivery even after high molecular weight 
buffer system was used. However, 0.8 μg/cm2/h 
of leuprolide can be delivered. Therapeutic dose 
can be reached using a permeation area of 10 cm2. 
A more recent study investigated the iontopho-
retic delivery of human basic fibroblast growth 
factor (hbFGF, 17.4  kDa) (Dubey et  al. 2011). 

The protein remains intact during iontophoresis. 
Following 8 h iontophoresis at the current of 
0.5 mA/cm2, 17.64 μg/cm2 of hbFGF was able to 
permeate across dermatomed porcine ear skin, 
whereas 77.74 μg/cm2 was deposited in the skin. 
Dubey and Kalia compared the iontophoretic 
delivery of ribonuclease A and ribonuclease T1 
which have similar property and biological func-
tion with opposite surface charge (Dubey and 
Kalia 2010, 2011). Ribonuclease A has the pI of 
8.64 and mass/charge ratio of 5.26. Anodal ionto-
phoresis was performed at the current intensity of 
0.5 mA/cm2 over 8 h using dermatomed porcine 
ear skin. The cumulative permeation and skin 
deposition of ribonuclease A were 252.19 and 
206.40  μg/cm2, respectively. Ribonuclease T1 
with the pI of 4.67 and mass/charge ratio of 9.03 
was also delivered using cathode iontophoresis. 
The permeation in and across the skin was sig-
nificantly reduced as compared to ribonuclease A 
due to the effect of electroosmosis.

Several iontophoresis devices are available on 
the market. LidoSite® – lidocaine HCl/epinephrine 
topical iontophoretic patch (Vyteris Inc., Fair 
Lawn, NJ, USA) – is used for providing analgesia 
prior to superficial dermatological procedures. 
Iontopatch® is a single-use wearable electronic 
disposable drug delivery (WEDD®) developed by 
Travanti Pharma (St. Paul, Minnesota), which is a 
subsidiary of Teikoku Pharma USA (San Jose, 
California). Recently, Smart Patch (Vyteris, Inc., 
USA) has been developed to deliver human gonad-
otropin-releasing hormone (GnRH) for infertility. 
Phase II clinical trials were completed in 2010 and 
have showed encouraging results.

27.3.3	 �Electroporation

Electroporation involves application of high-
voltage electric pulses (100–1000 V) for a very 
short duration (1–100  ms) to create transient 
pores in the lipid bilayers of the stratum corneum 
and permeabilize the skin (Prausnitz et al. 1993). 
This technique has been extensively used in the 
past to deliver genetic material into cells. 
Recently electroporation has found its role in 
transdermal delivery.
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Both electroporation and iontophoresis thus 
utilize the electric current to deliver biomolecules 
across the skin, but they differ markedly in their 
mode of action. Iontophoresis relies on the charge 
of the biomolecule to repel it into and across the 
skin layers, while electroporation uses high volt-
age to reduce skin resistance by increasing its 
permeability to allow the delivery of biomole-
cules. The key electrical parameters to be consid-
ered during electroporation are voltage intensity, 
pulse duration, and number of pulse. Properties 
of protein and peptides such as molecular weight, 
charge, and lipophilicity also influence their 
electroporation-assisted transport across the skin 
(Escobar-Chavez et al. 2009; Singh et al. 2012).

Studies have been reported utilizing electro-
poration for transdermal protein delivery. Zhao 
et al. have utilized electroporation as needle-free 
method to deliver peptide vaccine in a mouse 
model (Zhao et al. 2006). They reported the effi-
cacy of this method was comparable to that of 
intradermal injection. Combination of this tech-
nique with other enhancement techniques such as 
iontophoresis has been reported to be more effec-
tive than either enhancement method alone. Medi 
and Singh have studied the synergistic effect of 
iontophoresis in combination with electropora-
tion for transdermal delivery of human parathy-
roid hormone (hPTH). They reported several-fold 
increase in flux of hPTH across porcine skin by 
application of electroporation pulse followed by 
iontophoresis (Medi and Singh 2003). Similarly 
Chang et  al. have reported quick and enhanced 
flux of salmon calcitonin through human epider-
mis by pulsing with 15 pulses of 500 V followed 
by 4 h of iontophoresis at an intensity of 0.5 mA/
cm2 (Chang et al. 2000).

Although electroporation has the potential to 
be a promising technique for protein and peptide 
delivery across the skin, its use is limited. Pore 
formation in the skin due to electroporation may 
be reversible or irreversible. Higher-voltage elec-
tric pulses may result in formation of more aque-
ous channels in the skin which are of 

comparatively larger dimensions and may result 
in irreversible skin damage. In case of reversible 
pore formation, time required for the skin to 
recover from permeabilized state may vary sig-
nificantly. The lack of portable/handheld devices 
for electroporation also limits the application of 
this technique for transdermal delivery of pep-
tides and proteins.

27.3.4	 �Sonophoresis

Sonophoresis, or phonophoresis, uses ultrasound to 
propel the drug into/through the skin. Ultrasound is 
typically conducted from the source to the skin via 
a coupling medium, which is typically an aqueous 
formulation and may or may not contain a drug. 
Thus, the skin may be initially permeabilized by 
sonophoresis followed by passive drug delivery, or 
sonophoresis may be applied using the drug formu-
lation as the coupling medium. Transdermal deliv-
ery following sonophoresis is known to be inversely 
proportional to the ultrasound frequency, and hence 
low-frequency ultrasound (20–100 kHz) was found 
to be most effective to deliver drug molecules 
across the skin (Tezel et al. 2001). The exact mech-
anism behind sonophoretic enhancement of trans-
dermal delivery has not been elucidated. However, 
low-frequency ultrasound is thought to enhance 
drug delivery via the microcavitation mechanism. 
Ultrasound in the low-frequency range results in 
cavitation or formation of high-energy air bubbles 
in the coupling medium. These bubbles then 
impinge on the skin resulting in disruption of stra-
tum corneum. It has been reported that low-fre-
quency sonophoresis can result in creation of 
localized transport regions in the epidermis which 
are believed to be aqueous in nature (Weimann and 
Wu 2002; Tezel et  al. 2004). Thus, sonophoresis 
provides good potential on transdermal protein 
delivery. Since sonophoresis is an energy-assisted 
technology, its enhancement effect is affected by 
the intensity, duty cycle, and application time as 
expressed in Eq. 27.2:

		 Energydose intensity dutycycle application time= ´ ´ 	 (27.2)
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Mitragotri et al. have reported that skin permeabil-
ity to insulin increased from ~10−5 to 3.3 × 10−3 
cm−1/h when the intensity was increased from 20 
to 225 mW/cm2 (Mitragotri et al. 1995). Another 
study also suggested that increase of intensity or 
exposure time improved insulin delivery, lowering 
the blood glucose levels in hairless rats signifi-
cantly (Boucaud et al. 2002). A threshold energy 
dose is required to alter skin permeability. The per-
meability of the skin increases as the increase of 
total energy dose beyond the threshold. The 
threshold for porcine skin is 222 J/cm2 (Mitragotri 
et al. 2000). Sonophoresis is a noninvasive tech-
nique and has shown good skin tolerance in clini-
cal studies (Ogura et  al. 2008). It is reported an 
intensity of 2.5 W/cm2 does not result in histologi-
cal changes in human skin (Boucaud et al. 2001).

Sonophoresis has been applied as an enhance-
ment technique for transdermal delivery of 
LHRH, vasopressin, interferon-γ, erythropoietin, 
and insulin (Raiman et al. 2004; Tezel et al. 2003; 
Kushner et  al. 2008; Zhang et  al. 1996; Smith 
et  al. 2003; Luis et  al. 2007; Park et  al. 2008). 
Park et  al. have developed a novel ultrasonic 
device using cymbal transducer array with the 
dimension of 37 × 37 × 7 mm3. In vivo study was 
performed to test the effect of cymbal transducers 
on transdermal delivery of insulin using Sprague–
Dawley rats. The authors reported that blood glu-
cose in hyperglycemic rats reduced to normal 
levels after 45 min of ultrasound exposure. The 
effect was greater than 0.25 U/kg of subcutane-
ous injection of insulin (Park et al. 2008).

Several sonophoresis devices have been com-
mercialized such as SonoDerm™ Technology 
(Biomedical Electronics, France), SonoPrep® (Echo 
Therapeutics, USA, withdrawn), and U-StripTM 
(Rao and Nanda 2009). U-StripTM insulin delivery 
system (Transdermal Specialties, Inc., USA) is the 
first wearable battery-powered sonophoresis device. 
The ultrasonic device is incorporated with the insu-
lin patch, enabling programmable insulin delivery 
at basal (0–1.1 U/min) or bonus (1–4 U/min) dose. 
Positive results are shown in animal studies and 
phase I clinical trials (Bruce K. Redding 2005). This 
technique is currently in phase II clinical trials 
(http://www.transdermalspecialties.com/clinicaltri-
als.html. Accessed Oct 12, 2012).

27.3.5	 �Jet Injectors

Jet injector uses force of high velocity to propel 
the drug formulation from a reservoir into the 
skin. Liquid or solid drug formulations, when 
pushed at a very high speed, create transient 
micro-pathways in the skin through which drugs 
can be delivered into or across the skin. There are 
a number of devices commercially available. 
These devices are designed for self-administration 
and offer benefits to patients such as instant, easy 
dosing, and less anxiety over self-injection. This 
technology has been explored to deliver a num-
ber of proteins and peptides such as insulin, 
human growth hormone, and vaccines (Mitragotri 
2006; Arora et al. 2007; Kim et al. 2012).

BioJect Inc. (Tualatin, Oregon) has developed 
needle-free injectors based on this technology. 
These include Biojector® 2000, cool.clickTM, and 
SeroJet™, currently being used to deliver liquid 
medications including vaccines and recombi-
nant human growth hormone. Similarly, Tjet® 
needle-free injector system has been developed 
by Teva Pharmaceutical Industries (Petach 
Tikva, Israel) for children with growth failure 
to self-administer human growth hormone. The 
AdvantaJet® (Summerside, Canada, withdrawn) 
and Medi-Jector VISION® (Antares Pharma, 
Inc., Minneapolis, USA) are needle-free sys-
tems to deliver liquid insulin into subcutaneous 
tissue. Pfizer Inc. is currently using the powder-
mediated epidermal delivery (PMED) technol-
ogy in vaccine programs. This technology was 
developed by PowderMed Ltd. (Oxford, UK), 
which is acquired by Pfizer in 2006. The system 
uses compressed helium gas to push drug-coated 
gold particles into the skin through a handheld 
device at very high velocity (>100  m/s). The 
depth of the skin penetration depends on the 
velocity of carrier gas, discharge pressure, and 
particle size. It has been reported that powder 
vaccine delivered to epidermis produces higher 
level of immune response than a traditional intra-
dermal or intramuscular injection (Fomsgaard 
and Bragstad 2011).

Although this technology has been used exten-
sively for vaccine delivery and provides excellent 
bioavailability for a number of drugs, its usage 
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(particularly for repeated administration of 
drugs) has been limited due to occasional pain 
and bruising (Mitragotri 2006). Thus, additional 
improvements in jet injector design are necessary 
to address these concerns.

27.3.6	 �Laser Ablation

Laser ablation involves application of a high-
energy laser beam to permeabilize the stratum 
corneum. When the skin is exposed to laser 
beam, the heat generated causes evaporation of 
water molecules on the skin surface causing 
formation of microchannels that serve as trans-
port conduits across the skin. This technology 
has been investigated to deliver macromole-
cules via the skin (Yu et al. 2010; Bachhav et al. 
2011; Gomez et al. 2012). An Er:YAG (yttrium-
aluminum-garnet) laser is commonly used for 
the skin resurfacing in cosmetic and plastic sur-
gery (Kim et al. 2011). Pantec Biosolutions AG 
(Ruggell, Liechtenstein) has developed a hand-
held device called the Painless Laser Epidermal 
System (P.L.E.A.S.E.®) technology. This device 
utilizes an Er:YAG laser, which is capable of 
creating microchannels of approximately 100–
200 μm. The number of micropores and depth 
of each micropore can be controlled and pro-
grammed by adjusting the laser energy applied 
per unit area. Yu et al. have used this laser abla-
tion system to deliver therapeutic antibodies 
into murine, porcine, and human skin in vitro 
and murine skin in vivo. The results from their 
study suggest the possibility of delivering a 
therapeutically relevant amount of antibodies 
across the human skin in vivo (Yu et al. 2011). 
This device has further been evaluated on 
humans for safety, and results confirmed that 
the technique was safe and did not damage the 
skin layers apart from minor erythema, which 
subsided in a few days (Kalluri and Banga 
2011a, b). Pantec Biosolutions is currently pur-
suing this technology for transdermal delivery 
of a range of drug molecules from small to 
large including monoclonal antibodies (Gomez 
et al. 2012).

27.3.7	 �Thermal and Radio-Frequency 
Ablation

Thermal ablation involves application of heat on 
the skin for a very short duration (milliseconds) 
resulting in formation of micron-sized pores. 
These aqueous channels can be used to deliver 
proteins and peptides across the skin. The ther-
mal ablation device typically consists of electri-
cally resistive filaments. These filaments 
transiently heat up as electric current is applied in 
pulses causing localized vaporization of stratum 
corneum. This ablation process does not damage 
the deeper layers of the skin, as these micropores 
have been reported to be around 30–50  μm in 
depth (Banga 2011). This technique has been 
explored to deliver various molecules such as 
insulin, interferons, and vaccines. Badkar et  al. 
have delivered interferon-α-2b using a thermal 
microporation system across hairless rat skin. 
They reported serum levels of interferon-α-2b 
attained using thermal ablation were comparable 
to levels obtained after subcutaneous injection 
(Badkar et  al. 2007). The PassportTM system, 
developed by Altea Therapeutics and now owned 
by Nitto Denko, combines thermal microporation 
technology and patch technology. Voltage is 
applied to an array of filaments, which creates 
micropores on the skin. The drug-containing 
patch is then applied to this area and a range of 
drug molecules can pass into deeper layers of the 
skin through these transient micropores. Altea 
Therapeutics has reported positive phase I clini-
cal trial for insulin delivery using PassportTM 
patch. They reported plasma levels of insulin 
achieved by transdermal route were equivalent to 
subcutaneous injections (Banga 2009). It has 
been reported that formation of microchannels by 
thermal ablation is a reversible process and the 
skin heals completely within a few days.

On similar principles of thermal ablation, radio-
frequency ablation has been explored using heat 
generated by radio-frequency energy (Healey and 
Dupuy 2011). This technique has already found its 
application in medical field for electrosurgery and 
excision of tumors (Salas et al. 2011). There have 
been studies investigating the use of this technique 
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to deliver macromolecules via the skin. Radio-
frequency ablation involves the use of radio-fre-
quency waves to generate electric current, which 
then results in heat-assisted ablation of the stratum 
corneum leading to the formation of aqueous 
micro-conduits. These microchannels are occu-
pied by interstitial fluid which assists the delivery 
of hydrophilic macromolecules through them. 
Based on this principle, a medical device 
“ViaDor™” (previously known as ViaDerm®) was 
developed by TransPharma Medical (Lod, Israel). 
This device comprises of combination of an array 
of closely spaced microneedles (140 microneedles 
in an array of 1 cm2) along with a drug-containing 
patch. The application of radio frequency causes 
localized heating and ablation of the skin layer. 
This technology has been evaluated individually in 
phase I and phase II clinical trials to deliver human 
growth hormone in deficient adults and to deliver 
parathyroid hormone as a treatment for osteoporo-
sis in postmenopausal women, respectively (Banga 
2009). Levin et al. have investigated the transder-
mal delivery of human growth hormone through 
radio-frequency-generated microchannels using 
ViaDorTM. They reported that bioavailability of 
hGH in this study was 75 % relative to subcutane-
ous injection, and the amount of drug delivered 
was directly proportional to drug loading and 
microchannel density (Levin et al. 2005).

27.3.8	 �Combination Strategies

The abovementioned enhancement techniques 
can be used in combination to provide a syn-
ergistic effect (Table  27.3). Many such com-
binations of drug delivery methods have been 
evaluated in research investigations. Pillai 
et al. report that if the skin is pretreated with a 
chemical enhancer followed by iontophoresis, 
it can result in enhanced transdermal delivery 
of insulin (Pillai and Panchagnula 2003). On 
similar lines, iontophoretic delivery of dani-
plestim, a 13 kDa peptide, has been enhanced 
by microneedle pretreatment before ionto-
phoresis (Katikaneni et  al. 2009). Similarly, 
Chang et  al. have successfully evaluated the 

combination of electroporation and iontopho-
resis (Chang et al. 2000). The study reported 
17-fold increase in parathyroid hormone 
delivery with the combination method when 
compared to iontophoresis alone. Kumar and 
Banga also reported the use of iontophoresis 
in combination with microneedles (Kumar and 
Banga 2012). This study resulted in enhanced 
delivery of 22  kDa human growth hormone, 
which was modulated with respect to time. 
Other combinations of techniques have also 
been evaluated in the past including sonopho-
resis with chemical enhancers (Mutalik et  al. 
2009), electroporation (Kost et al. 1996), and 
iontophoresis (Le et al. 2000).

Table 27.3  Combination strategies for transdermal pro-
tein delivery

Combinations Rationale

Chemical enhancers 
and physical 
techniques

Physical techniques improve 
the permeation of chemical 
enhancers and reduce the 
required concentration of 
enhancers
Chemical enhancers increase 
the skin permeability or 
charge of the skin

Iontophoresis and 
microneedles

Microneedles create 
hydrophilic microchannels 
which serve as pathways of 
iontophoresis
Iontophoresis provides a 
driving force for transdermal 
delivery of drug molecules 
and reduces the lag time of 
permeation across the skin

Iontophoresis and 
sonophoresis

Iontophoresis propels the 
drugs through pathways 
created by sonophoresis
Combination of iontophoresis 
and sonophoresis reduces 
energy dose required for drug 
delivery

Iontophoresis and 
electroporation

Electroporation permeabilizes 
the skin and boosts 
iontophoretic delivery
Iontophoresis extends the 
lifetime of pores created by 
electroporation

Sonophoresis and 
electroporation

Sonophoresis reduces the 
threshold voltage required for 
electroporation
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27.4	 �Future Perspective

In 2011, the R&D on biopharmaceuticals costs 
27 billion dollars, accounting for 40 % of the total 
pharmaceutical R&D costs (Rader 2011). The 
importance of protein drugs in pharmaceutical 
sciences is increasing. Transdermal route pro-
vides an alternative for the delivery of therapeutic 
peptides and proteins. Physical enhancement 
techniques have been investigated to enable the 
transdermal delivery of peptides and proteins. 
The development of transdermal protein delivery 
system is an interdisciplinary field which involves 
material sciences, bioengineering, pharmaceu-
tics, and clinical pharmacology. Advances in 
micro-electromechanical systems (MEMS) have 
provided good potential for portable, personal-
ized, and self-manageable transdermal delivery 
systems. Many attempts on commercialization 
have been made. Ongoing research efforts in var-
ious disciplines would help enable efficient trans-
dermal delivery of peptides and proteins.
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Cutaneous DNA Immunization: 
Enhancing Penetration by Hair 
Follicle Modification 
or Microneedle Application
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28.1	 �Introduction

Almost all vaccines, with a few exceptions, are 
administered by intramuscular (IM) or subcutaneous 
(SC) injection using hypodermic needles. While 
needle-based vaccination has led to tremendous 
advancement in controlling many infectious dis-
eases, this technique comes with several risks such 
as potential infection at the site of injection, spread 
of infectious needles and syringes as well as reuse of 
non-sterile needles and syringes, and discomfort to 
the patient. Thus, alternate means of vaccine deliv-
ery have been explored to attain a more effective, 
safer, and patient-friendly vaccination method 
(Levine and Sztein 2004).

For a long time, skin was considered 
impermeable for large molecules such as protein 
antigens, but studies performed by Glenn et  al. 
demonstrated that topical application of protein 
antigens, such as diphtheria or tetanus toxoids, 
admixed with cholera toxin (CT) onto a skin area 
stimulated specific immune responses to the 
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protein antigens in a mouse model (Glenn et al. 
1998). A similar result was obtained when the 
heat-labile enterotoxin (LT) of Escherichia coli 
(Beignon et al. 2001) or its mutants LTK63 and 
LTR72 were used as adjuvants (Beignon et  al. 
2002). The preliminary results of a clinical trial 
conducted with human volunteers also demon-
strated that topical application of an LT patch 
onto the skin induced anti-LT immunoglobulin G 
(IgG) and immunoglobulin A (IgA) responses 
(Glenn et al. 2000). After these ground-breaking 
studies, cutaneous immunization (i.e., immuniza-
tion by applying vaccines or antigens topically 
onto the skin) continuously evolved as a noninva-
sive technique that benefits from the skin immune 
system.

The skin is the largest organ of the human 
body. It acts as a physical barrier between body 
and the outer environment. The skin is mainly 
composed of two layers, the epidermis and 
dermis. The epidermis is made up of stratum 
corneum and viable epidermis. The stratum cor-
neum is the outer most layer, which is 30–50 μm 
thick and composed of dead cells called corneo-
cytes embedded in a highly organized lamellar 
structure formed by intercellular lipids. The bar-
rier property of the skin resides in the stratum 
corneum layer, which plays a crucial role in 
shielding the body from the external environ-
ment. Just below the stratum corneum is the via-
ble epidermis, which is 200–250 μm thick. The 
main cell type of the epidermis are keratinocytes; 
however, melanocytes, Merkel cells, and 
Langerhans cells (LCs) are also present, although 
less abundantly. The dermis is 2–3  mm thick. 
Cells present in the dermis are fibroblasts, mast 
cells, and dendritic cells (DCs). The dermis layer 
also has blood vessels, lymph vessels, nerves, 
and an abundant level of collagen fibers. Below 
the dermis, there is a layer of the subcutaneous 
fat tissue (Karande and Mitragotri 2010; Bos and 
Meinardi 2000; Schaefer and Redelmeier 1996).

Other than the physical barrier function, skin is 
also a part of the immune system. It is highly acces-
sible and has a unique immunological characteris-
tic. Keratinocytes and LCs of the epidermis layer, 
fibroblasts, DCs, and mast cells of the dermis layer, 
and T and B lymphocytes of the skin-draining 

lymph nodes together form the skin’s whole immu-
nization network (Karande and Mitragotri 2010). 
Skin has a rich population of DCs, which provide 
effective immunity against antigens coming 
through the skin. LCs are the primary DCs in the 
epidermis that migrate from bone marrow to skin 
and play a vital role in immune surveillance and 
antigen presentation. DCs act as efficient and 
potent antigen-presenting cells (APCs) for the 
induction of adaptive immunity (Glenn and Kenney 
2006). These APCs (i.e., LCs and DCs) capture and 
process antigens at the site of administration and 
migrate to local draining lymph nodes, where they 
mature and mediate the activation of B and T cells 
(Banchereau and Steinman 1998). Conventional 
vaccination by hypodermic needle-based injection 
bypasses the APC-rich skin immune system and 
delivers antigens into the less APC-populated mus-
cle or subcutaneous tissues. Delivery of antigens 
into skin layers, where a large number of epidermal 
LCs and dermal DCs are present, can potentially 
induce a greater immune response (Glenn and 
Kenney 2006; La Montagne and Fauci 2004). In 
fact, data from many clinical studies have shown 
that intradermal administration of influenza vac-
cine requires a very low dose, relative to intramus-
cular injection, to produce a similar or even stronger 
immune response (Kenney et al. 2004; Belshe et al. 
2004). Another major advantage of cutaneous 
immunization is its potential safety. Cutaneous 
immunization minimizes the distribution of anti-
gens and adjuvants inside the body, which may 
produce slight toxicity if comes directly in contact 
with the systemic circulation (Ponvert and 
Scheinmann 2003).

Recombinant DNA technology has 
revolutionized vaccine development. DNA vac-
cine, based on recombinant DNA technology, 
comprises a number of features that make it an 
attractive alternative over the conventional live 
attenuated, inactivated, or protein-based vac-
cines. DNA vaccine manufacturing is simple and 
rapid, and plasmid DNA is very stable during 
storage. DNA vaccine has the potential to gener-
ate strong cellular and humoral immune responses 
and is well tolerated by patients (Patil et al. 2005). 
Plasmid DNA can be easily manipulated to 
incorporate multiple antigen genes in the same 
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plasmid (Phillips 2001). Plasmid DNA vaccine 
can also overcome certain safety concerns associ-
ated with live vaccines, such as reversion risks 
and potential spread to unintended individuals 
(Shedlock and Weiner 2000; Ruprecht 1999). 
Additionally, plasmid DNA itself has some adju-
vant activity because of the presence of unmeth-
ylated CpG motifs (Cornelie et  al. 2004; Ban 
et al. 2000).

DNA vaccine came in existence in the 1990s. 
In a very first study, Tang et  al. demonstrated 
that immune response can be stimulated by 
administering a protein-encoding gene into the 
skin of mice. The authors reported the delivery 
of plasmid DNA containing human growth hor-
mone gene into the skin using a gene gun in an 
attempt to express human growth hormone for 
gene therapy. Through this study, the authors 
pointed out that plasmid DNA may be used to 
produce antibodies and may offer a unique 
method for vaccination (Tang et al. 1992). One 
year later, Ulmer et al. reported that intramuscu-
lar injection of naked plasmid DNA can induce 
immune responses against influenza viral anti-
gens in mice (Ulmer et  al. 1993). In the same 
year, Fynan et al. demonstrated that other than 
IM injection, epidermal, mucosal, and intrave-
nous routes can also be used for the administra-
tion of DNA vaccine. It was concluded that 
vaccination with plasmid DNA expressing influ-
enza virus hemagglutinin glycoprotein by gene 
gun delivery into the epidermis or by adminis-
tration of plasmid DNA to nasal mucosa is most 
promising (Fynan et  al. 1993). After these 
breakthroughs, numerous studies had been 
performed using various plasmid DNA 
formulations and delivery methods, and alto-
gether, they provided solid evidence that DNA 
vaccine is potentially viable. In 1999, Shi et al. 
reported that noninvasive immunization through 
mouse skin with plasmid DNA induced an 
immune response against the protein encoded 
by the plasmid (Shi et al. 1999). Watabe et al. 
later confirmed that the stratum corneum is the 
major barrier for a successful cutaneous DNA 
immunization. The authors reported that apply-
ing plasmid DNA that encodes an influenza 
viral antigen onto intact mouse skin could not 

induce a high level of immune response, even 
when a very large amount of plasmid DNA was 
used. However, immunization with the same 
plasmid after the removal of the stratum cor-
neum by tape stripping with fast active adhesive 
glue significantly improved the resultant 
immune responses, to a level similar to that after 
IM injection (Watabe et al. 2001), clearly dem-
onstrating the need to overcome the stratum cor-
neum barrier for cutaneous DNA immunization 
to induce strong and effective immune responses.

28.2	 �Techniques to Overcome 
the Stratum Corneum Barrier

The stratum corneum is the principle barrier for 
skin penetration. This layer has made it very 
challenging to deliver high molecular weight 
hydrophilic molecules such as proteins, pep-
tides, and plasmid DNA into or across the skin 
(Bos and Meinardi 2000). The stratum corneum 
is predominantly composed of dead corneocytes 
surrounded by lipid layers (Elias 1983); it offers 
an extensive barrier to small as well as large 
hydrophilic compounds. Only certain molecules 
with a molecular weight under 500 Da can be 
delivered passively through the stratum cor-
neum (Prausnitz et al. 2004). To overcome the 
stratum corneum barrier and to deliver hydro-
philic high molecular weight molecules such as 
plasmid DNA into the skin, various alternative 
approaches have been explored, including 
chemical and physical techniques (Prausnitz 
et al. 2009).

28.2.1	 �Physical Techniques

28.2.1.1	 �Iontophoresis
Iontophoresis is the transdermal delivery of ther-
apeutic molecules in ionic form. It involves the 
application of electrical current, typically a few 
milliamperes, across the skin to deliver hydro-
philic and charged molecules. In this technique, 
an electrical current is applied through two elec-
trodes across the skin surface. This allows the 
delivery of drug in a controlled fashion because 
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the amount of drug delivered across the skin is 
directly proportional to the amount of charge 
passed (Ahad et al. 2010). Examples of US Food 
and Drug Administration (USFDA)-approved 
iontophoretic systems include those that deliver 
lidocaine to induce local anesthesia (Kim et  al. 
1999), tap water for the treatment of hyperhidro-
sis (Holzle and Alberti 1987), and pilocarpine to 
induce sweating (Berner and Dinh 1998). Plasmid 
DNA has also been delivered into the skin for 
immunization using this method; however, this 
method is not very commonly used (Vandermeulen 
et al. 2007).

28.2.1.2	 �Electroporation
Electroporation is another technique that includes 
the use of transmembrane voltage produced by 
electric pulses to create reversible pores on the 
membrane surface. Electroporation temporarily 
disrupts the lipid bilayer membrane by applying 
short, high-voltage electrical pulses. It has been 
shown that electroporation can alter the lipid 
domain of the stratum corneum (Prausnitz 1996; 
Subedi et  al. 2010), which can help the perme-
ation of small molecules such as fentanyl as well 
as moderate size molecules such as calcitonin 
(Denet et al. 2004). Electroporation has also been 
reported to enhance the permeation of lipophilic 
(e.g., timolol), hydrophilic (e.g., metoprolol), 
charged (e.g., heparin), and neutral (e.g., manni-
tol) molecules (Denet and Preat 2003; Prausnitz 
et al. 1995; Vanbever et al. 1998). The extent of 
permeation is dependent upon the magnitude of 
the applied voltage (Prausnitz et al. 1993). Often, 
electroporation has been combined with intrader-
mal injection of plasmid DNA for vaccination 
purpose (Drabick et al. 2001; Heller et al. 2001). 
For more information about electroporation used 
for intradermal vaccination, please refer to 
Chap. 30 in this volume (written by Heller).

28.2.1.3	 �Sonophoresis/Ultrasound
Ultrasound has been shown to increase drug per-
meability across skin (Mitragotri and Kost 2000). 
A less than 100 kHz frequency has been found to 
enhance the transdermal permeability more effi-
ciently than higher-frequency ultrasounds 
(Boucaud et  al. 2002). Ultrasound of less than 

100  kHz frequency causes cavitation, which 
results in the disruption of the lipid bilayers of 
the stratum corneum and thus enhances the influx 
of drugs (Mitragotri 2005; Tanner and Marks 
2008). Ultrasound can be applied to the skin 
either before the application of the drug or simul-
taneously with the application of the drug (Ogura 
et  al. 2008). This method has been shown to 
increase skin permeability to various low and 
high molecular weight molecules such as insulin, 
heparin, and plasmid DNA (Schratzberger et al. 
2002; Endoh et al. 2002; Rao and Nanda 2009). 
In a study performed by Endoh et al., it was dem-
onstrated that intra-amniotic injection of naked 
DNA with microbubble-enhanced ultrasound 
generated a very high level of expression of the 
DNA in fetal mouse skin (Endoh et al. 2002).

28.2.1.4	 �Thermal Poration
Heat increases skin permeability by creating 
pores in the stratum corneum. Heat also affects 
the microcirculation and blood vessel permeabil-
ity, which are important factors for the adminis-
tration of drugs in the systemic circulation (Ahad 
et  al. 2010). Heat technique has been used to 
deliver conventional drugs and DNA vaccines 
(Sintov et  al. 2003; Bramson et  al. 2003). Heat 
also enhances the skin permeability by increasing 
drug solubility in patch formulation and within 
the skin (Hull 2002). FDA-approved Synera® 
(Nuvo Research Inc., Canada) topical patch (lido-
caine and tetracaine) for pain relief is based on 
this mechanism. The unique heating pod present 
inside Synera® becomes active once it is removed 
from the storage pouch. It warms up the area 
where it is applied, helping enhance the penetra-
tion of the anesthetics inside the skin (available at 
www.synera.com; accessed 11 April 2013).

28.2.1.5	 �Skin Abrasion
Skin abrasion involves direct removal or disrup-
tion of the stratum corneum layer to facilitate 
the transportation of topically applied com-
pounds (Kumar and Philip 2007). In vitro data 
have shown that this technique can increase the 
penetration of angiotensin across the skin by 
100-fold compared to untreated human skin 
(Roberts 1997; Murthy et al. 2003). A study by 
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Lisziewicz et al. showed that skin abrasion com-
bined with DNA vaccine, which was formulated 
as mannosylated particles, induced a strong 
immune response to HIV virus in monkeys 
(Lisziewicz et al. 2005).

28.2.1.6	 �Needle-Free Jet Injection
Needleless jet injection is a combination of trans-
dermal and parenteral drug delivery methods. 
The injection devices can be divided into two cat-
egories: liquid jet injectors and solid jet injectors. 
Both injectors deliver a drug through skin by 
using a driving force and by rapidly disrupting 
the skin barrier. A well-known needleless injec-
tor, PowderJect® (PowderJect Pharmaceuticals, 
UK), shoots solid particles across the stratum 
corneum using high-pressure helium gas. 
Vaccines formulated in powder or particle forms 
can be delivered by this method. DNA vaccine 
coated on gold or tungsten particles has also been 
delivered into the epidermis using PowderJect® 
(Sloat et al. 2012b). Another needleless injector, 
Intraject®, uses nitrogen gas to drive liquid for-
mulations across the skin (Tanner and Marks 
2008). Along with PowderJect®, Intraject® has 
also been used to administer plasmid DNA for 
genetic immunization (Haensler et  al. 1999; 
Manam et  al. 2000; Mumper and Cui 2003; 
Aguiar et al. 2001; Chen et al. 2002, 2003, 2004). 
For more information about plasmid DNA immu-
nization using jet injection devices, please refer 
to Sloat et al. (Sloat et al. 2012b) and Chap. 32 in 
this volume (written by Y.C. Kim).

28.2.2	 �Chemical Techniques

28.2.2.1	 �Chemical Penetration 
Enhancers

A molecule that enhances the permeation of 
drugs across the stratum corneum layer is called 
chemical penetration enhancer. Chemical pene-
tration method provides certain advantages over 
the aforementioned physical methods, including 
design flexibility with formulation chemistry and 
easier prospect for a patch application (Prausnitz 
et  al. 2004). Chemical enhancers partition into 
and interact with the stratum corneum to induce a 

temporary, reversible increase in the skin perme-
ability (Shah et  al. 1993). Chemical enhancers 
have many classes such as surfactants (e.g., 
Tween 20), fatty acids (e.g., oleic acid), terpenes 
(e.g., limonene), and solvents (e.g., ethanol) 
(Williams and Barry 2004). However, not all the 
chemical enhancers have been found to enhance 
the transdermal permeability significantly, par-
ticularly for high molecular weight molecules. 
Another major limitation of chemical enhancers 
is that they are often potent irritants to the skin 
(Prausnitz et al. 2004); and this safety issue fur-
ther decreases the number of chemical enhancers 
that can be included in formulations (Subedi 
et al. 2010).

In our own previous studies, DNA application 
site on the skin is routinely hydrated with warm 
water or low concentration of sodium dodecyl 
sulfate (SDS) and cleaned with ethanol. Water, 
SDS, and ethanol can all potentially enhance skin 
permeation (Cui and Sloat 2006; Xiao et al. 2012; 
Yu et al. 2011). In a study by Heckert et al., it was 
demonstrated that combination of dimethyl sulf-
oxide (DMSO) with naked DNA applied topi-
cally onto unaltered skin of chicken generated a 
specific immune response that was stronger than 
that induced by conventional IM injection 
(Heckert et al. 2002).

28.2.3	 �Other Novel Techniques

Skin appendages such as hair follicles, seba-
ceous glands, and sweat glands have also been 
shown to play an important role in increasing 
skin permeability, particularly for large mole-
cules. Appendages create a channel in the stra-
tum corneum and facilitate the dermal absorption 
of topically applied compounds. Another method 
that has been researched extensively for enhanc-
ing skin permeability is the microneedle technol-
ogy. Microneedles can disrupt the stratum 
corneum in the micron scale and thus can be 
used to enhance drug transportation into or 
across the skin. In this chapter, cutaneous DNA 
immunization by modifying the hair follicle 
cycle and by microneedle application is dis-
cussed in details.
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28.3	 �Cutaneous DNA 
Immunization via the Hair 
Follicles

The structure and biology of hair follicles (HFs) 
make them a potential route for drug and vac-
cine penetration through the stratum corneum. 
The stratum corneum is hydrophobic in nature 
and thus resists large negatively charged DNA 
molecules from entering the skin. Data from 
several studies have demonstrated that the HFs 
are involved in the uptake and expression of 
plasmid DNA applied topically onto the skin, 
mostly by retaining the plasmid DNA and func-
tioning as a reservoir. In a very early study in 
1995, Li and Hoffman reported the targeting of 
a lacZ reporter gene-encoding plasmid to the 
HFs of mice using liposomes as a carrier (Li and 
Hoffman 1995). Their results demonstrated that 
the plasmid can be selectively targeted to the 
most important cells in the HFs. After topical 
application of the lacZ-encoding plasmid, 
expression was observed in hair matrix cells in 
hair follicle bulbs and in stem cells in the bulge 
area (Li and Hoffman 1995). A few years later, a 
study performed by Shi et al. showed that nonin-
vasive gene delivery by pipetting adenoviruses 
or plasmid DNA that was complexed with lipo-
somes onto mouse skin can produce a localized 
transgene expression, as well as systemic 
immune responses, against the protein encoded 
by the DNA (Shi et al. 1999). Moreover, it was 
shown that the production of even a small 
amount of protein in the skin is sufficient to 
generate a desired immune response (Shi et al. 
1999). It was speculated that plasmid DNA 
applied topically may have penetrated into the 
skin via HFs, sweat ducts, or minor breaches on 
the skin surface (Shi et al. 1999).

28.3.1	 �Delivery Sites in the Hair 
Follicles

Hair follicular targets mainly include four sites: 
infundibulum, sebaceous gland, bulge region, 
and hair bulb (Knorr et al. 2009; Wosicka and Cal 
2010). The infundibulum region creates the major 

entry point for topically applied substances, 
especially in the lower part where the epidermis 
is not fully differentiated. APCs, mast cells, and 
other immune cells are also located inside and 
around the infundibular epithelium, which makes 
HFs a potential target for cutaneous immuniza-
tion. Sebaceous gland is another important thera-
peutic target site. It is associated with the etiology 
of androgenetic alopecia, acne, and other seba-
ceous gland dysfunctions; therefore, it can be 
used for the therapy of these diseases. The bulge 
region in HFs contains epithelial stem cells, 
which has a high proliferative capacity and mul-
tipotency. Thus, the bulge region is of particular 
interest for gene therapy targeting congenital hair 
disorders or genetic skin disorders. Finally, the 
hair bulb with the dermal papilla and the hair 
matrix connected to the blood vessels is impor-
tant in the regulations of hair growth and pigmen-
tation (Knorr et al. 2009; Wosicka and Cal 2010).

28.3.2	 �Hair Follicle Cycle

Along with HF morphology, transfollicular deliv-
ery also depends upon the functional status of 
HFs. Each HF goes through a highly regulated 
continuous cycle comprised of three major 
stages: anagen, catagen, and telogen (Paus and 
Cotsarelis 1999). In anagen (growth) phase, cells 
proliferate rapidly and continuously to form the 
inner root sheath and migrate upward to form the 
hair shaft. Catagen (regressing) phase is the end 
of mitosis where cell death of the lower follicle 
segment occurs. In telogen (resting) phase, the 
hair eventually shed. Under physiological condi-
tions, 85–90 % of human scalp follicles are within 
the anagen phase (lasting for 2–6 years), 1–2 % 
of scalp follicles are in the catagen phase (lasting 
for 2–4 weeks), and about 10 % are in the telogen 
phase (lasting for 2–4 months) (Paus and 
Cotsarelis 1999).

Slominski et al. reported that the characteris-
tics of the anagen phase include thickened dermal 
and epidermal layers of the skin, increased size 
of HFs, extension of follicles deep into the der-
mal adipose tissue, and initiation of melanin syn-
thesis (Slominski et al. 1991). Otberg et al. found 
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that the penetration of topically applied sub-
stances into the infundibulum is dependent on the 
active and inactive states of HFs. Active HFs 
exhibiting hair growth (anagen) and/or sebum 
production are open for the penetration process, 
but telogen follicles do not support any follicular 
penetration (Otberg et al. 2004).

Domashenko et al. showed that topical appli-
cation of a lacZ gene-encoding plasmid com-
plexed with liposomes (lipoplexes) led to 
efficient in  vivo transfection of hair follicular 
cells, and the transfection was dependent upon 
the stage of the hair follicular cycle 
(Domashenko et  al. 2000). Transfection 
occurred only at the onset of the growing stage 
of the hair follicular cycle created by hair depil-
ation. Expression of β-galactoside gene was 
detected only in the HFs of mice transfected 
with lipoplexes that contained lacZ plasmid on 
the first, second, or third day after hair depila-
tion. Transfection 3 days after the depilation 
did not result in any β-galactosidase activity. 
During the first 3 days after depilation, the HFs 
were in anagen-onset stage. Thus, the authors 
concluded that the timing of plasmid applica-
tion when the HFs are just entering the anagen 
stage is critical for efficient in vivo transfection 
of HFs (Domashenko et al. 2000). Gupta et al. 
also supported this idea by reporting that gene 
transfection of HFs occurs only during the ana-
gen-onset stage (Gupta et al. 2001). Thus, the 
anagen stage of HFs is important for transfol-
licular penetration.

Fan et  al. demonstrated that topical applica-
tion of plasmids encoding lacZ or hepatitis B 
surface antigen (HBsAg) to untreated mouse skin 
can induce specific immune responses (Fan et al. 
1999). The authors also reported that topical gene 
transfer is dependent on the presence of normal 
HFs. Plasmid DNA was detected in and around 
the HFs in normal hair-bearing skin. The skin 
that lacks normal HFs failed to retain plasmid 
DNA.  The authors further showed that normal 
HFs are important for the induction of immune 
responses. Application of plasmid DNA onto a 
skin area that lacks normal HFs in immunocom-
petent mice failed to generate an immune 
response against HBsAg (Fan et al. 1999).

28.3.3	 �Cutaneous DNA Immunization 
After “Cold” Waxing-Based 
Plucking

Anagen phase can be artificially induced by 
experimental methods including hair plucking, 
vigorous shaving, or chemical exposure such as 
caustic materials and depilatory agents.

Ishimatsu-Tsuji et al. defined mouse HF cycle 
by different gene expression patterns following 
hair plucking using wax (Ishimatsu-Tsuji et  al. 
2005). The period of up to 2 days after hair pluck-
ing (early anagen) is defined as the defense 
response phase, where mainly inflammation-
related genes are upregulated. The period of 3–6 
days following hair plucking (mid-anagen) is 
defined by keratinocyte proliferation processes, 
whereas late anagen and early catagen phase are 
characterized by multiple processes including 
keratin intermediate filament formation 
(Ishimatsu-Tsuji et al. 2005).

We hypothesized that topical application of 
plasmid DNA onto a skin area wherein the HFs 
are in the anagen-onset stage will induce a 
stronger immune response than when the HFs 
are in the telogen stage. In order to test this 
hypothesis, the HFs on the dorsal side of 
6-week-old mice were induced (from telogen 
stage) into anagen-onset stage by hair plucking 
with a Veet® wax strip from Reckitt Benckiser, 
Parsippany, NJ, USA (i.e., “cold” waxing). 
Veet® wax strips come in the form of pre-waxed 
strips. Strip was placed over the hair-trimmed 
skin area and rapidly removed to detach the hair 
from the skin surface. Two days later, plasmid 
that encodes anthrax protective antigen (PA63) 
protein (pGPA) was applied onto the plucked 
skin area. Cholera toxin was used as an adju-
vant. Our data showed that cutaneous immuni-
zation by applying the pGPA plasmid onto a 
skin area wherein the HFs had been induced into 
anagen-onset stage induced a stronger anti-PA 
antibody response, increased the antigen gene 
expression, and enhanced the retention of the 
plasmid DNA, as compared to topical applica-
tion of the same pGPA plasmid onto a skin area 
wherein the HFs were left in the telogen stage 
(Shaker et al. 2007).
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28.3.4	 �“Warm” Waxing Versus “Cold” 
Waxing-Based Hair Plucking

In the “cold” waxing-based studies, the hair 
plucking was performed by “cold” waxing, which 
in some cases can result in significant breakages 
of the hair at or below the surface of the skin. In 
order to remove the hair completely and expand 
the HF significantly, we used a “warm” waxing 
method to pluck hair, expecting that it would fur-
ther enhance the penetration of plasmid DNA 
into the HFs and thus induce a stronger immune 
response than “cold” waxing-based hair pluck-
ing. In the “warm” waxing method, warm wax in 
viscous liquid form is directly applied onto a 
hairy skin area. The warmth of the wax is 
expected to allow the HF pores to expand and 
thus complete removal of the hair from the folli-
cles becomes possible (Sloat et al. 2012a).

The immune responses induced by cutaneous 
immunization with the pGPA plasmid onto a skin 
area wherein the hair had been plucked 2 days 
earlier using “cold” versus “warm” waxing tech-
niques were evaluated and compared. Plucking 
the hair by “warm” waxing resulted in an anti-PA 
IgG titer significantly higher than by “cold” wax-
ing (Sloat et  al. 2012a). Relatively more PA63 
gene fragments were recovered from the skin 
area where the hair was plucked by “warm” wax-
ing than by “cold” waxing, indicating that 
“warm” waxing led to more DNA uptake and/or 
retention in the skin than “cold” waxing (Sloat 
et al. 2012a).

Based on the studies performed in our lab, we 
conclude that the immune response induced by 
cutaneous DNA immunization via HFs can be 
enhanced by modifying the HFs or HFs cycle.

28.3.5	 �Follicular Vaccine Delivery 
Using Tape-Stripping Method

A new penetration-enhancing technique “cyano-
acrylate skin surface stripping” (CSSS) was intro-
duced by Schaefer and Lademann in 2001 and has 
been shown to be a promising method for trans-
follicular penetration by opening up the follicular 
infundibula (Schaefer and Lademann 2001). 

CSSS facilitates follicular penetration of vaccines 
by removing cellular debris and sebum from the 
hair follicular openings (Schaefer and Lademann 
2001). Toll et al. used CSSS technique to deliver 
fluorescent microspheres of size  
0.75–6.0  μm on human skin and demonstrated 
that without pretreatment with CSSS, the transfol-
licular microsphere penetration was below 25 % 
of the total number of HFs with a maximum pen-
etration depth of 1500  μm in the hair follicles. 
However, CSSS pretreatment of the skin increased 
the transfollicular microsphere penetration to 
35–87 % of the HFs with a penetration depth of 
more than 2300 μm (Toll et al. 2004).

Multiple efforts have also been made to 
explore nanoparticles as transfollicular carrier for 
vaccine delivery inside the skin. Vogt et al. inves-
tigated the penetration of 40, 750, and 1500 nm 
nanoparticles across human skin and their possi-
ble targeting to APCs inside the skin (Vogt et al. 
2006). In their study, CSSS was performed prior 
to applying nanoparticles cutaneously. Flow 
cytometric data showed that after cutaneous 
application, only the 40 nm particles entered epi-
dermal LCs, clearly indicating that only smaller 
nanoparticles can deeply penetrate into hair 
openings and through the follicular epithelium 
into perifollicular dermis. Thus, it was concluded 
that 40 nm nanoparticles, but not 750 or 1500 nm 
nanoparticles, are suitable for cutaneous immuni-
zation via the HFs (Vogt et al. 2006).

Mahe et al. performed a study to evaluate the 
potential of using the HF pathway for vaccine 
delivery. The authors studied the penetration of 
40 or 200 nm fluorescent polystyrene nanoparti-
cles as well as virus particles and demonstrated 
that both polystyrene nanoparticles and the modi-
fied vaccinia Ankara (MVA) viral particles pene-
trated deeply into HFs and were internalized by 
epidermal and dermal APCs. Topical application 
of ovalbumin-encoding plasmid DNA or MVA 
induced both humoral and cellular immune 
response. IgG response induced by ovalbumin-
encoding plasmid DNA alone after cutaneous 
administration was found similar to that induced 
by ovalbumin protein delivered cutaneously in 
combination with cholera toxin adjuvant. 
However, in this study, authors preferred to 
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perform tape stripping at the place of CSSS 
before applying vaccines onto the skin surface 
(Mahe et al. 2009).

In a clinical study performed by Vogt et al., it 
was demonstrated that cutaneous administration 
of influenza protein-based vaccine using CSSS 
technique promoted both CD4+ T and CD8+ T 
cell immune responses in human subjects, 
whereas intramuscular injection of the same vac-
cine generated only CD4+ T cell response (Vogt 
et al. 2008).

Another clinical study based on CSSS proce-
dure was performed by Combadiere et  al. 
(Combadiere et al. 2010). Immune response gen-
erated by cutaneous application of a combined 
tetanus and influenza vaccine suspension after 
CSSS procedure in the upper left arm area was 
compared with the intramuscular immunization 
with same vaccine. Results showed that cutane-
ous application of the vaccine was safe and that 
the inactivated influenza vaccine induced a CD8+ 
T cell response. Tetanus specific cellular response 
level was not detected (Combadiere et al. 2010).

28.4	 �Microneedle-Mediated 
Cutaneous DNA 
Immunization

28.4.1	 �Microneedles: A Novel 
Approach for Enhancing 
Cutaneous Permeation

Microneedles are one of the new technologies 
studied in transdermal drug delivery. This is a 
simple, pain-free, and minimally invasive tech-
nology that helps the delivery of large molecular 
weight and hydrophilic compounds across skin. 
Microneedles consist of a plurality of micropro-
jections of different shapes, sizes, and heights, 
which are attached to a base support. Application 
of microneedles onto skin surface creates micron 
size transport pathways, which allow the perme-
ation of macromolecules inside the skin. 
According to Kaushik et al., microneedles perfo-
rate the stratum corneum, avoiding any contact 
with nerve fibers and blood vessels present in the 
dermis layer (Kaushik et al. 2001). Therefore, the 

major benefit of using microneedles is the 
pain-free delivery of both small and large molec-
ular weight compounds (Kaushik et  al. 2001; 
Prausnitz 2004).

The concept of microneedle first came in the 
1970s; however, technological limitations at that 
time prevented the product concept from being 
executed (Gerstel and Place 1976). In the 1990s 
with the beginning of high-precision microelec-
tronics industrial tools, microneedle manufactur-
ing also became a reality. The first microneedle 
array reported in the literature was made from 
silicon wafer and was developed for gene deliv-
ery (Hashmi et al. 1995). In that study, the nee-
dles were inserted into nematodes to increase 
molecular uptake and gene transfection. After 
transfection, the gene of interest was expressed in 
the progeny of the injected worms (Hashmi et al. 
1995). The first paper to report microneedles for 
transdermal drug delivery was published by 
Henry et  al. in 1998, who demonstrated that 
microneedles can be used to increase skin perme-
ability (Henry et  al. 1998). An array of solid 
microneedles of 150 μm length was used to cre-
ate micropores in human epidermis. These micro-
pores increase the skin permeability by three 
orders of magnitude for a small model compound 
calcein. The transportation of calcein took place 
through the leakage pathways created between 
the needles and the skin. When the needles were 
removed from the skin, the skin permeability was 
increased by another order of magnitude (Henry 
et  al. 1998). In a follow-up study, McAllister 
et  al. studied the permeability of various com-
pounds across cadaver skin using Franz diffusion 
cell and noted that insulin, bovine serum albu-
min, and latex nanoparticles (up to 100 nm size) 
could cross the skin pretreated with microneedles 
(McAllister et al. 2003). These early studies dem-
onstrated that skin permeability can be increased 
using microneedles.

Microneedles are somewhat like traditional 
needles but are fabricated on the micron scale. 
The most commonly used fabrication materials 
are metals, silicon, silicon dioxide, polymers, 
and glass. The first few microneedle devices 
were fabricated from silicon (Henry et al. 1998; 
Hashmi et al. 1995). Later, other materials such 
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as stainless steel (Verbaan et  al. 2007), dextrin 
(Ito et  al. 2006a, b), glass (Wang et  al. 2000), 
ceramic (Ovsianikov et al. 2007), maltose (Kolli 
and Banga 2008), galactose (Donnelly et  al. 
2009), and various polymers (McAllister et  al. 
2003; Park et  al. 2005) have also been used to 
fabricate microneedles. The most commonly 
used methods for the manufacturing of micronee-
dles are chemical isotropic etching, injection 
molding, reactive ion etching, surface/bulk 
micromachining, polysilicon micromolding, 
lithography-electroforming-replication, and 
laser drilling (Park et  al. 2005; Trichur et  al. 
2002; Yang and Zahn 2004; Davis et  al. 2005; 
Stoeber and Liepmann 2005). The two basic 
designs of microneedles are in plane and out 
plane designs.

28.4.2	 �Methods of Using Microneedles 
to Administer Vaccine

The use of microneedles in delivering vaccines 
into the epidermis and dermis compartments of 
skin is a very attractive approach for cutaneous 
vaccination. Four different microneedle designs 
have been developed for the delivery of vaccines 
inside the skin.

28.4.2.1	 �Solid Microneedles
The simplest method of cutaneous immunization 
using microneedles is to create pores on the skin 
with a solid microneedle array and then apply 
vaccine onto the perforated skin surface. By 
piercing the skin, the permeation of vaccine can 
be increased by manyfolds. This method has 
been used to deliver proteins (e.g., bovine serum 
albumin) and genetic materials (e.g., plasmid 
DNA) in vitro and in vivo into the skin (Chabri 
et  al. 2004; Coulman et  al. 2006; Henry et  al. 
1998; Lin et al. 2001; Martanto et al. 2004; Park 
et  al. 2005; Pearton et  al. 2008). For example, 
Ding et al. demonstrated a major improvement in 
the immunogenicity of diphtheria toxoid in a 
mouse model when the antigen was applied onto 
a skin area pretreated with microneedles (Ding 
et al. 2009).

28.4.2.2	 �Coated Microneedles
Solid microneedles can also be coated with a vac-
cine. Coating is usually applied by dipping 
microneedles in a vaccine formulation. Coated 
microneedles can be inserted into skin and 
quickly removed after a few seconds, leaving the 
vaccine inside the skin. Using this approach, pro-
teins, DNA, and viral particles such as influenza 
virus particle have been delivered to the skin 
in vitro and in vivo (Gill and Prausnitz 2007a, b; 
Hooper et al. 2007; Matriano et al. 2002; Widera 
et al. 2006; Xie et al. 2005; Zhu et al. 2009; Gill 
et  al. 2010). Matriano et  al. demonstrated that 
cutaneous immunization with 300-μm long tita-
nium microneedles coated with 1 μg of ovalbu-
min generated a 100-fold increase in immune 
responses, compared to intramuscular injection 
of the same dose (Matriano et  al. 2002). In 
another study, Widera et  al. found that the 
immune responses induced by cutaneous immu-
nization with microneedles coated with ovalbu-
min are dose dependent; however, the immune 
responses were independent of the depth of deliv-
ery, the density of microneedles, or the area of 
application (Widera et al. 2006).

28.4.2.3	 �Hollow Microneedles
One hollow microneedle or an array of hollow 
microneedles can be used to deliver liquid vac-
cine formulations inside the skin. Hollow 
microneedles allow a controlled quantity of anti-
gens to be delivered inside the skin with a definite 
rate. Hollow microneedles have been used to 
deliver influenza and anthrax vaccines in animal 
models (Alarcon et al. 2007; Mikszta et al. 2005, 
2006). Van Damme et al. delivered α-RIX influ-
enza vaccine (3.3 μg of hemagglutinin per strain) 
in human volunteers using 450-μm long hollow 
microneedles and reported that the immune 
response induced was similar to that induced by 
15 μg hemagglutinin per strain delivered intra-
muscularly (Van Damme et al. 2009).

28.4.2.4	 �Dissolvable Microneedles
Microneedles can also be prepared from polymers 
or saccharides with vaccine encapsulated inside. 
After inserting inside the skin, microneedles and 
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vaccine dissolve within few minutes, and the 
backing layer is discarded. Sullivan et al. reported 
that inactivated influenza virus (A/PR/8/34) 
encapsulated in polyvinylpyrrolidone dissolvable 
microneedles induced strong humoral and cellular 
immune responses and also provided a defense 
again influenza challenge (Sullivan et al. 2010).

28.4.3	 �Microneedle-Mediated 
Cutaneous Immunization

As discussed earlier, it is a well-known fact that 
skin offers a great immunologic environment 
compared to muscle and subcutaneous tissues. 
However, so far there is no simple, reliable, and 
safe method available to deliver vaccines into the 
skin efficiently in a cost-effective way to a large 
population of people. The microneedle device has 
the potential to address these problems to some 
extent. The painless microneedles not only can 
improve patient compliance but also enable the 
targeting of antigens to the immune cell-rich skin 
layers. In the past decades, many different vac-
cines and/or antigens, including live attenuated 
microorganisms, proteins, and plasmid DNA, 
have been delivered into the skin using micronee-
dles. For example, influenza vaccination using 
whole inactivated influenza viruses coated on 
microneedles has been studied extensively. 
Studies have shown a complete protection against 
infection after microneedle-mediated cutaneous 
immunization with influenza virus A/Puerto 
Rico/8/34 (H1N1), influenza virus A/
California/04/09 (H1N1), and influenza virus A/
Aichi/2/68 (H3N2) (Zhu et al. 2009; Koutsonanos 
et al. 2009, 2011). Along with whole inactivated 
influenza virus, virus like particles (VLP) coated 
on microneedles were also studied. It was shown 
that cutaneous immunization with avian H5 influ-
enza VLPs coated on stainless steel microneedles 
induced a stronger immune response in a mouse 
model, relative to intramuscular injection (Song 
et al. 2010a, b). Microneedles have also been used 
for the delivery of recombinant subunit vaccines, 
such as trimeric influenza hemagglutinin protein. 
Upon administration, protein antigen coated on 

microneedles induced an enhanced immunity, 
relative to the subcutaneous injection of the same 
protein antigen in mice (Weldon et al. 2011). In a 
study in our laboratory, we have demonstrated 
that ovalbumin chemically conjugated onto solid 
lipid nanoparticles and then administered cutane-
ously onto a skin area pretreated with micronee-
dles induced a stronger immune response as 
compared to cutaneous immunization using oval-
bumin alone (Kumar et al. 2011). The dose of the 
antigen determined whether the microneedle-
mediated immunization can induce a stronger 
immune response than subcutaneous injection of 
the same antigen conjugated on the solid lipid 
nanoparticles (Kumar et al. 2011). Finally, plas-
mid DNA has also been explored extensively for 
microneedle-mediated cutaneous immunization, 
which is discussed below in details.

28.4.4	 �Microneedle-Mediated 
Cutaneous DNA Immunization

Cutaneous DNA immunization has been per-
formed using gene gun and electroporation tech-
niques and was found to improve the immune 
responses by manyfolds in human and nonhuman 
primates (Donnelly et  al. 2003). However, gene 
gun and electroporation techniques are tedious and 
require a vaccination protocol and equipment 
(Nicolas and Guy 2008). Microneedles as a new 
technology may deliver DNA vaccine painlessly 
into the skin and is potentially suitable for inex-
pensive mass production. The first study showing 
the delivery of DNA using microneedles was per-
formed by Hashmi et al. in 1995. In their study, 
DNA-coated microprobes were injected in the 
cuticle of nematode Heterorhabditis bacteriophora 
to express a foreign gene, β-galactosidase (Hashmi 
et al. 1995). After this study, microneedle devices 
were shown to increase the skin permeability of 
plasmid DNA in  vitro (McAllister et  al. 2000). 
However, there was not any systematic in  vivo 
study performed until 2002, when Mikszta et al. 
reported the first in vivo study using microneedles 
to deliver DNA vaccine topically into the skin. In 
that study, microenhancer arrays (MEAs, i.e., 
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microneedles) were fabricated using potassium 
hydroxide etch technique. The array was fabri-
cated on 1 cm2 microchips and had the projection 
height ranging from 50 to 200 μm. Naked plasmid 
DNA encoding firefly luciferase was administered 
to mice topically using the MEAs. The arrays were 
dipped into plasmid DNA solution and scraped 
multiple times across the skin of mice to create 
microabrasions. The results demonstrated that the 
mean luciferase activity in groups treated with six 
or more passes of MEA were 1000- to 2800-fold 
higher in comparison to topical controls. Untreated 
skin was used as a control for possible delivery 
through HFs. The gene expression level in the 
MEA-treated groups was also found similar or 
greater than after intramuscular and intradermal 
injection of plasmids. The results showed that 
even a single pass of the MEA across the skin 
enabled gene transfer. The authors also used a 
plasmid DNA that encodes hepatitis B surface 
antigen and reported that MEA-based cutaneous 
immunization induced a stronger immune response 
with less variability after the second and third 
immunizations, as compared to immunization by 
hypodermic needle injection. Both hypodermic 
needle injection and MEA-based delivery induced 
similar antigen-specific cytotoxic T lymphocyte 
(CTL) responses (Mikszta et al. 2002). The signifi-
cance of this study is that it demonstrates the fea-
sibility of cutaneous DNA vaccination using 
microneedles.

In separate studies by Birchall et  al. and 
Coulman et  al., it has been demonstrated that 
microneedles can facilitate the delivery of plasmid 
DNA into the epidermis layer of the human skin, 
and the genes encoded by the plasmid can be 
expressed in the skin. Birchall et  al. delivered 
pCMV-β plasmid into the skin with the help of sili-
con microneedles and demonstrated a detectable 
gene expression in the microchannels. In control 
groups, where DNA was delivered without 
microneedle treatment, expression was not 
observed. Coulman et  al. also used silicon 
microneedle arrays to create micropores through 
the stratum corneum of human skin samples to test 
the ability of the conduits to facilitate the delivery 
of pCMV-β plasmid. Their results demonstrated 
that these micropores facilitated the delivery of 

plasmid DNA, and gene expression study 
confirmed that naked plasmid DNA was able to be 
expressed in excised human skin. However, the 
presence of limited conduits that were positive for 
gene expression indicated that there is a need to 
optimize the microneedle device morphology, the 
application method, and the DNA formulation in 
order to obtain a higher gene expression (Birchall 
et al. 2005; Coulman et al. 2006).

Alarcon et  al. performed an animal study to 
use microneedles to deliver three different types 
of influenza vaccines: whole inactivated influ-
enza virus, trivalent split-virion human vaccine, 
and plasmid DNA encoding the influenza virus 
hemagglutinin. In their study, rats were chosen as 
an animal model since rat skin is thicker than the 
total length of microneedles (i.e., 1 mm) used in 
the study. Antigens were administered intrader-
mally using hollow microneedles and intramus-
cularly using hypodermic needles. Results 
showed that intradermal delivery using hollow 
microneedles generated an antibody response 
similar to intramuscular injection; however, dose-
sparing effect was achieved when microneedles 
were used (Alarcon et al. 2007).

Various other enhancement techniques have 
also been used in combination with microneedles 
in order to further improve the delivery of vac-
cines. These techniques include iontophoresis 
(Lin et al. 2001; Vemulapalli et al. 2008), radio 
frequencies, and electroporation (Hooper et  al. 
2007; Prausnitz and Langer 2008). Hooper et al. 
combined electroporation and microneedle tech-
nique to deliver smallpox DNA vaccine in order 
to induce humoral immune response in nonhu-
man primates (Hooper et al. 2007). The current 
FDA-approved smallpox vaccine is composed of 
live vaccinia virus and is administered through 
the skin using a bifurcated needle. This technol-
ogy was developed almost two centuries ago and 
has several limitations such as localized skin 
infection and non-serious/serious adverse effects 
(Lane and Goldstein 2003). Thus a DNA vaccine 
appears to be a safer option. In this study, a plas-
mid DNA vaccine encoding four vaccinia virus 
genes was efficiently delivered by skin electro-
poration using plasmid DNA-coated microneedle 
arrays in a mouse model. This study used a novel 

A. Kumar et al.



453

device that performed electroporation using a 
microneedle array. After insertion into the skin, 
the DNA dissolved from the microneedles and 
electroporation helped them to transfect the sur-
rounding cells. The DNA vaccine induced strong 
antibody responses against all four immunogens. 
Moreover, vaccinated mice were completely pro-
tected against a lethal intranasal challenge with 
vaccinia virus (Hooper et  al. 2007). Another 
study that combined microneedles with electro-
poration technique was performed by Daugimont 
et al. The purpose of their study was to test the 
effect of the combination on plasmid DNA trans-
fection in the skin. Gold-coated Radel hollow 
microneedles were used for intradermal injection 
as well as electrodes for electroporation. 
However, this setup demonstrated a severe limi-
tation in DNA electrotransfer. Only a limited 
amount of DNA was delivered because of the 
small volume of microreservoirs attached to hol-
low microneedles and the high viscosity of DNA 
solution. Also, the needles produced less favor-
able electric field distribution than the plate 
electrode (Daugimont et al. 2010). In a study per-
formed by Pearton et  al., microneedle delivery 
system was combined with sustained release 
plasmid DNA hydrogel formulation. Hydrogel 
formulation acted as a reservoir for plasmid 
DNA.  Freshly excised human skin was used to 
characterize DNA diffusion and β-galactosidase 
gene expression. After creating microchannels 
using microneedles, channels were filled with 
DNA hydrogel, which worked as a sustained 
release depot. The results showed that the DNA 
hydrogel gradually released DNA, which 
expressed the β-galactosidase reporter gene in the 
viable epidermis (Pearton et al. 2008).

Studies were also performed to assess the 
cytotoxic T lymphocyte response after 
microneedle-mediated cutaneous DNA immuni-
zation. In a study by Gill et al., cutaneous immu-
nization was performed using microneedles 
(length 700 μm and width 160 μm) coated with a 
plasmid encoding hepatitis C virus nonstructural 
3/4A protein. The immune response induced in 
the microneedle-treated group was compared to 
intramuscular DNA delivery or cutaneous DNA 
delivery using gene gun. Vaccination with 

plasmid-coated microneedles effectively primed 
specific CTLs responses. Microneedles were 
found similarly efficient in priming CTLs as gene 
gun and hypodermic needles (Gill et al. 2010). In 
a study performed by Zhou et al., microneedle-
based DNA delivery was demonstrated to 
enhance both humoral and cellular immune 
responses. The study compared the immune 
response generated by intramuscular and 
microneedle-mediated cutaneous immunization 
with a plasmid DNA encoding HBsAg in 
C57BL/6 mice. A significantly higher antibody 
response was induced by microneedle-mediated 
cutaneous immunization as compared to intra-
muscular injection. High levels of IL-12 and 
gamma interferon were also released from the 
splenocytes of mice that received the microneedle-
mediated cutaneous immunization. Finally, 
HBsAg-specific CTL activity was also higher in 
mice immunized using microneedles than in 
mice immunized by intramuscular injection 
(Zhou et al. 2010). Chen et al. performed a study 
with a mouse model to test DNA vaccine for 
HSV-2 (herpes simplex virus) infection using a 
nanopatch containing microneedles (Chen et al. 
2010). HSV-2 infection is one of the most pre-
dominant sexually transmitted infections and a 
major cause of genital ulcer in the world 
(Cattamanchi et  al. 2008). Additionally, HSV-2 
can also cause a very rare disease called neonatal 
herpes (Kimberlin 2004). A nanopatch that has 
microprojections was coated with HSV-2-gD2 
DNA vaccine and applied to the inner earlobe of 
the ears of mice. Immunomicroscopy results con-
firmed that the vaccine was delivered in the APC-
rich epidermal layer. Cutaneous immunization 
with the nanopatch induced a strong antibody 
response and an equal protection rate against 
HSV-2 virus challenge when compared to mice 
dosed by intramuscular injection of the DNA 
vaccine (Chen et al. 2010). Kask et al. also per-
formed a similar study and used nanopatch to 
administer plasmid DNA vaccine against HSV-2 
infection. Nanopatch microprojections coated 
with DNA vaccine were administered in a mouse 
model (ventral ear), and the results were com-
pared with standard intramuscular DNA vaccina-
tion. The vaccine administered by the nanopatch 
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was found highly immunogenic and supported 
the survival of most mice. The topical nanopatch 
vaccination method was found more effective 
than the traditional intramuscular injection (Kask 
et al. 2010).

DeMuth et al. and Saurer et al. demonstrated 
that plasmid DNA (encoding firefly luciferase) 
combined with polyelectrolyte multilayers films 
(PEM) coated on the surface of microneedles can 
be used to deliver the DNA vaccine into the skin. 
PEM has demonstrated the potential for vaccine 
encapsulation into thin films. PEM also stabilizes 
environmentally sensitive encapsulated materials 
and controls the release of the materials. The 
films erode after the insertion of the micronee-
dles into the skin and release the DNA (DeMuth 
et al. 2010; Saurer et al. 2010).

Many studies have been performed to admin-
ister influenza DNA vaccine using microneedles. 
So far the most dominating way for influenza 
vaccination is administering trivalent inactivated 
or live attenuated virus vaccine (Kim et  al. 
2012a). However, the recent influenza vaccine 
pandemic in 2009 pointed out that the manufac-
turing and administering influenza vaccine 
requires at least 6–7 months of time after identifi-
cation of the virus, and thus there is a need to 
explore a new expedited method of influenza vac-
cine manufacturing and administration 
(Robertson et al. 2011). To address this concern, 
Kim et al. proposed to deliver an influenza DNA 
vaccine with the help of a microneedle patch. 
They compared the immunity induced by admin-
istering influenza DNA vaccine through the skin 
using microneedles and that induced by intra-
muscular injection in the same dose in a mouse 
model. Microneedles were coated with the avian 
H5 influenza DNA vaccine and administered to 
the skin. Vaccination using microneedles gener-
ated a very high level of antibody response and 
hemagglutination inhibition titers, as compared 
to the conventional intramuscular injection. It 
also significantly improved the protection against 
infection with avian influenza virus (Kim et  al. 
2012b). A similar influenza DNA vaccination 
study using microneedles was also reported by 
Song et  al. In their study, the authors delivered 
the influenza hemagglutinin DNA vaccine coated 

on microneedles in the skin and compared the 
immune response induced with that induced by 
intramuscular injection of the same plasmid 
DNA.  A lower dose of DNA (3  μg) via the 
microneedle-mediated cutaneous route induced a 
stronger humoral immune response and a better 
protective immunity after challenge than intra-
muscular injection of a lower (3 μg) or even a 
higher dose of the DNA (10 μg). Microneedle-
mediated cutaneous immunization with a higher 
dose of the DNA further improved the immune 
responses and post-challenge protection. It was 
concluded that microneedle-mediated cutaneous 
DNA immunization can induce stronger humoral 
and cellular immune responses than intramuscu-
lar immunization with the same plasmid DNA 
(Song et al. 2012).

In a study by Pearton et al., the significance of 
optimizing key parameters for an effective 
microneedle-mediated plasmid DNA delivery 
was emphasized. Key parameters investigated in 
the study included loading of DNA on micronee-
dles, stability and functionality of the coated 
DNA, skin penetration capability of coated 
microneedles, and gene expression in human skin. 
Microneedles were fabricated from stainless steel, 
and plasmid DNA was coated. Optimization of 
coating method increases the loading capacity 
and decreases the skin insertion force signifi-
cantly. Physical stability of the coated DNA was 
further improved through the addition of saccha-
ride excipients. The DNA-coated microneedles 
facilitated the expression of reporter gene in via-
ble human skin (Pearton et al. 2012). An earlier 
study performed by Chen et al. also pointed out 
the importance of the coating method in micronee-
dle-mediated vaccine delivery. The study intro-
duced a gas jet drying approach, which dispersed 
a small amount of coating solution to wet densely 
packed microprojections on a patch in order to 
obtain a desired uniform coating. It also helps to 
remove the extra coating solution lodged between 
the needles on the base surface. The coating 
remains intact during skin administration and 
releases the vaccine within 3  min. This coating 
approach was demonstrated to be feasible for 
coating a wide variety of vaccines including DNA 
vaccine (Chen et al. 2009).
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28.4.5	 �Microneedle-Mediated 
Cutaneous Immunization 
Using DNA Coated 
on Nanoparticles

Data from numerous previous studies have shown 
that coating of plasmid DNA on cationic nanopar-
ticles can significantly enhance the resultant 
immune responses in comparison to using naked 
DNA alone, including when the DNA-coated 
nanoparticles were administered cutaneously 
(Cui and Mumper 2001, 2002; Cui et al. 2003). 
Studies have also shown that antigens carried by 
nanoparticles can permeate through the micro-
pores created by microneedles (Kumar et  al. 
2011; Bal et al. 2010; 2011). An in vitro diffusion 
study performed by Kumar et al. showed that pre-
treatment of mouse skin with microneedles 
allowed the permeation of ovalbumin conjugated 
on solid lipid nanoparticles across the skin 
(Kumar et al. 2011). However, it has never been 
studied whether microneedle-mediated cutane-
ous immunization with DNA carried by cationic 
nanoparticles is more effective than microneedle 
with the naked DNA. In a study performed in our 
lab, we compared the immune responses induced 
by plasmid DNA, alone or coated on cationic 
nanoparticles, after topical application onto a 
skin area pretreated with microneedles.

Cationic PLGA (poly(lactic-co-glycolic acid)) 
nanoparticles were prepared using a 
nanoprecipitation-solvent evaporation method 
(Barichello et al. 1999). DOTAP (1,2-dioleoyl-3-
trimethylammonium-propane) was added during 
preparation of the nanoparticles to create positive 
charge on the particle surface. Plasmid DNA 
(pCMV-β) was mixed with cationic nanoparticles 
to coat the nanoparticles by electrostatic interac-
tion. The net charge of the resultant DNA-
nanoparticle complexes was dependent upon the 
ratio of the plasmid DNA to cationic nanoparti-
cles in the mixture. We prepared net positively 
charged and net negatively charged plasmid 
DNA-nanoparticle complexes and evaluated their 
in  vitro permeation through the skin and the 
in vivo immune responses induced by them after 
topical application onto a skin area pretreated 
with microneedles. Our results showed that 

pCMV-β, alone or coated on the cationic PLGA 
nanoparticles, were not able to permeate through 
intact skin; however, permeation was detected 
through mouse skin that was pretreated with 
microneedles (Kumar et  al. 2012). The perme-
ation of the naked pCMV-β plasmid was more 
extensive than the pCMV-β coated on the cat-
ionic PLGA nanoparticles, and the permeation of 
pCMV-β on the net negatively charged pCMV-β-
coated PLGA nanoparticles through the skin pre-
treated with microneedles was more extensive 
than the permeation of pCMV-β on the net posi-
tively charged pCMV-β-coated PLGA nanoparti-
cles (Kumar et al. 2012).

In a study in mice, microneedle-mediated 
cutaneous immunization with pCMV-β alone 
induced an anti-β-gal IgG response, but it was 
significantly weaker than when the pCMV-β was 
coated on the PLGA nanoparticles (Kumar et al. 
2012), clearly demonstrating that microneedle-
mediated cutaneous immunization with plasmid 
DNA coated on cationic nanoparticles can 
enhance the immune response induced by the 
plasmid DNA.  Furthermore, the net positively 
charged pCMV-β-coated PLGA nanoparticles 
were found more effective than the net negatively 
charged pCMV-β-coated PLGA nanoparticles. In 
addition, the immune responses induced by cuta-
neous immunization with net positively charged 
pCMV-β-coated PLGA nanoparticles were found 
similar or stronger than that by intramuscular 
immunization with the same pCMV-β plasmid, 
alone or coated on the PLGA nanoparticles. 
Importantly, specific IgA response was also 
detected in the sera, lung washes, and fecal sam-
ples in mice cutaneously immunized with the net 
positively charged plasmid DNA-coated PLGA 
nanoparticles (Kumar and Cui, unpublished 
data), demonstrating that microneedle-mediated 
cutaneous immunization with plasmid DNA 
coated on cationic PLGA nanoparticles is capa-
ble of inducing mucosal immune responses as 
well. Finally, we have shown that microneedle-
mediated cutaneous immunization with plasmid 
DNA coated on the cationic PLGA nanoparticles 
can also induce strong specific cellular immune 
responses (Kumar and Cui, unpublished data) 
(Kumar et al. 2012). The net positively charged 
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pCMV-β-coated nanoparticles led to a signifi-
cantly higher level of β-galactosidase mRNA 
expression in the skin samples, relative to the net 
negatively charged pCMV-β-coated nanoparti-
cles or the pCMV-β alone, which may explain 
why microneedle-mediated cutaneous immuni-
zation with the net positively charged DNA-
coated nanoparticles induced a strong immune 
response than with the same plasmid DNA, alone 
or in net negatively charged DNA-coated 
nanoparticles (Kumar et  al. 2012). For more 
information about nanoparticles as delivery sys-
tems for DNA vaccines, please refer to Cui et al. 
(Cui and Mumper 2003).

�Conclusions

Close to almost 20 years after the successful 
demonstration of cutaneous immunization by 
Glenn et  al., many more studies pointed out 
the potential of the needle-free cutaneous 
immunization. Painless vaccine patches help 
to enhance patient compliance. They can be 
self-administered, which reduces the need for 
medical facility and staff. Vaccine patches can 
also reduce the spread of infectious needles 
and syringes as well as reuse of non-sterile 
needles and syringes. Above all, skin itself 
provides a very favorable immunological 
environment for cutaneous immunization. 
However, there are still issues that need to be 
addressed to make cutaneous immunization 
commercially successful. Most of the cutane-
ous immunization studies have been per-
formed with small animals. Many of them 
have a different skin thickness and permeabil-
ity in comparison to human skin. There are 
also other important structural and immuno-
logical differences (Jacobson et al. 2001; Choi 
and Maibach 2003). Thus any data obtained 
from an animal study may not be directly 
applied to humans. Additionally, many differ-
ent approaches have been developed by vari-
ous research groups to enhance cutaneous 
permeability of vaccines, which includes 
physical and chemical techniques and various 
nanoparticle-based formulations. However, 
many of these approaches cause moderate to 
significant disruption of the skin barrier. 
Therefore, it is a challenge to develop a safe, 

effective, and truly noninvasive cutaneous 
immunization technique to increase the per-
meability of vaccine formulation.

DNA vaccine has been researched for more 
than 20 years. During this time, DNA vaccina-
tion has generated various favorable results. 
Currently, there are already veterinary DNA 
vaccine products available on the market, and 
several clinical trials have also demonstrated 
promising results in humans. HF-based and 
microneedle-mediated cutaneous deliveries 
are two of the methods that have been exten-
sively explored to enhance the cutaneous per-
meability of DNA vaccine. Data from 
numerous studies have shown that the HFs are 
involved in the uptake and expression of DNA 
applied topically onto the skin. However most 
of the data obtained have used rodents as ani-
mal models. Hair follicular density in human 
skin is lower than that in the skin of hair-cov-
ered rodents. Therefore, any finding made in a 
rodent model needs to be validated using pig or 
hairless mice model before transition to human 
(Bronaugh et al. 1982). For microneedle-medi-
ated cutaneous immunization, parameters such 
as microneedle diameter, length, tip geometry, 
and density need to be optimized because all of 
these parameters can influence skin perfora-
tion and antigen delivery (van der Maaden 
et al. 2012). The difference in the thickness of 
animal skin (such as mouse skin) and human 
skin is another concern. For successful and 
reproducible skin penetration by microneedles, 
optimization of the microneedle applicator 
device is also needed (van der Maaden et  al. 
2012). Therefore, in order to bring micronee-
dles to the market for cutaneous delivery of a 
vaccine, it is very important to properly choose 
the type of microneedle (e.g., hollow, solid, 
biodegradable) and their geometry, material, 
density, length, diameter, as well as the appli-
cation device.
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Gene Transfer to the Skin 
by Physical Methods of Delivery

Amy Donate and Richard Heller

29.1	 �Introduction

The skin is a highly complex and immunogenic 
organ. It is the largest organ in the body and well 
equipped for recognizing and defending against 
infection. Its primary functions are to defend 
against infection, insulate and regulate tempera-
ture, and control absorption, fluid loss, and sensa-
tion. Human skin varies in thickness from about 
0.5 mm on the eyelids to 4 mm on the hands and 
soles of the feet, with the majority of the skin 
being between 1 and 2 mm (Tan et al. 1982; Ha 
et al. 2005). The skin structure is made up of three 
layers: the epidermis, the dermis, and the subcuta-
neous layers. The epidermis consists primarily of 
keratinocytes but also contains melanocytes and 
epidermal dendritic cells (DCs) known as 
Langerhans cells. It has four to five strata: stratum 
corneum, stratum lucidum (only found on the 
palms of hands and soles of the feet), stratum 
granulosum, stratum spinosum, and stratum 
basale. Cells are formed at the basal membrane 
and migrate up the strata changing shape and 
composition until they reach the stratum corneum 
where they are sloughed off. The rate of turnover 
of the stratum corneum is approximately 27 days, 
but it takes 47–48 days to replace the entire epi-
dermis (Iizuka 1994). The dermis, the main candi-
date for injection of deoxyribonucleic acid (DNA) 
in the skin, consists of fibroblasts and dermal 
DCs, highly efficient antigen-presenting cells. In 
this layer, the hair follicles, sweat glands, and 
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blood vessels are found. The subcutaneous layer, 
or hypodermis, consists of connective tissue and 
fat. The primary cell types are fibroblasts, macro-
phages, and fat cells.

29.1.1	 �Why Deliver to the Skin?

The many functions and actions of the skin 
make it an ideal target for gene/drug delivery. 
The presence of Langerhans cells and dermal 
dendritic cells makes it efficient for recognition 
and elimination of foreign pathogens. 
Additionally, the skin’s wound repair and regen-
erative properties allow for rapid healing. The 
skin is also an attractive delivery target due to its 
large surface and accessibility. However, the 
primary disadvantage to skin delivery is its bar-
rier function, which acts to prevent entry of for-
eign elements from penetrating. The stratum 
corneum consists of corneocytes, terminally dif-
ferentiated keratinocytes, whose purpose is to 
provide a barrier. The focus of this chapter, 
however, will be to provide an overview of the 
currently used physical delivery methods for 
intradermal vaccination and gene delivery to the 
skin.

29.1.2	 �Active Enhancers for Skin 
Delivery

Two primary methods for intradermal vaccina-
tion and gene delivery have been reported exten-
sively in the literature: electroporation (EP) and 
biolistic delivery (BD). Both of these methods 
have been used in preclinical and clinical models. 
In addition to those extensively utilized methods, 
there are a few methods used less frequently that 
will also be discussed. These would include 
plasma, ultrasound (US), magnetofection, abla-
tion, and abrasion. These approaches have been 
evaluated less for gene delivery/transfer but rep-
resent novel active methods to achieve skin pen-
etration. Other methods such as the use of 
microneedles for enhancing penetration will only 
be discussed in terms of concurrent usage with 
other active enhancers as it is extensively dis-

cussed in a separate chapter. Drug delivery is also 
an area that has been studied extensively with 
these active enhancers, but will only be discussed 
minimally in terms of electrochemotherapy 
(ECT).

29.2	 �Physical Delivery Devices

29.2.1	 �Biolistic Delivery Systems

29.2.1.1	 �Introduction, Design, 
and Gene Expression

This method was originally developed in 1987 to 
deliver genetic material to plants (Klein et  al. 
1992). BD devices use DNA- and ribonucleic 
acid (RNA)-coated heavy metal particles injected 
by high velocity into cells. Both gold and tung-
sten particles have been widely used because of 
their small diameter and high specific gravity. 
Currently, gold is the more common of the two 
because it is biologically inert (Russell et  al. 
1992). Utilization of this technique has been per-
formed under vacuum and required gun powder 
acceleration. Acceleration is generally per-
formed with a high-voltage spark or helium 
discharge.

Delivery into mammalian cells was first 
achieved in the early 1990s (Williams et al. 1991; 
Yang et al. 1990). However, the need to perform 
the procedure under vacuum limited its useful-
ness. The development of handheld commer-
cially available BD systems like the Helios® 
gene gun (Bio-Rad, United States of America) 
and the PowderMed™ device (Pfizer, United 
States of America) greatly expanded the applica-
bility of this technology. These systems utilize 
helium gas as the accelerator because it is inert 
and highly diffusible and has a low density allow-
ing the particles to achieve very high velocities 
(Takeuchi et al. 1992).

BD allows for a high degree of target specific-
ity. Efficiency is related to the loading of the 
DNA, the particle size, as well as the timing of 
the delivery. Distribution is affected by fine-
tuning the acceleration (Sanford et  al. 1993). 
Specifically within the skin, it has been shown 
that adjusting the pressure has an effect on the 
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location of particle delivery (higher pressures 
result in deeper penetration), but gene expression 
is contained within the epidermis (Larregina 
et  al. 2001). It has been reported that biolistic 
gene delivery can be up to 200–300 μm deep in 
abdominal skin (Zimmer et al. 2001).

29.2.1.2	 �Biolistic Delivery of DNA 
Vaccines Against Infectious 
Agents

The primary application of dermal BD has been 
infectious disease and cancer-related DNA vac-
cines. The use of BD for the delivery of DNA 
vaccines has covered a broad range of infectious 
agents including influenza, hepatitis B virus, her-
pes simplex virus, and Bacillus anthracis. 
Published results using BD have demonstrated 
consistent induction of specific humoral and cel-
lular immune responses against infectious agents, 
in vivo protection, the addition of adjuvants for 
enhancing immune responses, and direct BD skin 
effect.

Preclinical Applications
Initial in vivo studies for infectious disease DNA 
vaccinations utilizing BD occurred in the late 
1990s and were developed for influenza, herpes, 
and rotavirus. The results from these studies were 
variable among species and infectious agents. In 
the case of influenza, Macklin et  al. evaluated 
antibody production in pigs after BD of hemag-
glutinin (HA) or nucleoprotein (NP) plasmid 
DNA. HA-specific antibody responses were gen-
erated, and vaccinated animals demonstrated 
accelerated viral clearance upon challenge 
(Wentworth et al. 1997). In an equine influenza 
model in ponies, induction of both immunoglob-
ulin G (IgG) and a and b antibodies was noted, 
but only partial protection was achieved (Lunn 
et al. 1999). Similarly, studies using a rotavirus 
vaccine generated high serum antibody levels, 
but protection from challenge was still lacking 
(Choi et al. 1998). In 2009, Braun et al. reported 
on an ovine herpes BD vaccine. Treatment con-
ferred a lasting humoral and cellular immune 
response (Braun et al. 1999).

More recently preclinical studies have focused 
on the continued improvement of BD vaccines 

through the addition of multiple plasmids and 
adjuvants. However, research has also included a 
broader spectrum of infections as well. A 2008 
report on herpes simplex virus (HSV) utilized a 
single DNA construct that encompassed 15–20 
different genes resulting in an increase in multi-
antigenic cellular immunity (Braun et al. 2008). 
Additional publications evaluated ovine herpes 
virus (Niesalla et  al. 2009), Bacillus anthracis 
and Yersinia pestis (Albrecht et al. 2012), and the 
parasite Brugia malayi (Joseph et  al. 2012). 
Results from these studies have concluded that 
protective immune responses, as assessed by the 
induction of humoral and/or cellular immunity, 
could be attained from BD against a variety of 
infectious agents.

The use of BD for DNA vaccination has also 
been utilized in conjunction with other “adju-
vants.” Examples performed with influenza DNA 
vaccination in mice include the addition of (1) a 
plasmid expressing A and B subunits of E. coli 
heat-labile enterotoxin, known as DNA Encoded 
Immunostimulator-Labile Toxin (DEI-LT) 
(Sharpe et al. 2007), or (2) a conserved cytotoxic 
T lymphocyte (CTL) epitope (Wang et al. 2012). 
In both studies protection was conferred in 
homologous challenge, against the vaccinated 
strain experiments, but only partial protection 
was noted in heterologous, against an alternative 
non-vaccinated strain, challenge studies.

Preclinical experimentation has also been 
conducted to demonstrate the safety of BD appli-
cation to the skin. Inflammation was reported in 
response to the gold particle delivery but it was 
resolved within 4 days (Braun et  al. 1999). A 
comparative study by Dincer et al. in pigs, mini-
pigs, and mice resulted in epidermal necrosis and 
dermal inflammation within 10 min of treatment. 
However, it was also noted that skin regeneration 
occurred as early as 24 h after treatment (Dincer 
et al. 2006).

Clinical Trials
Clinical trials evaluating BD of DNA vaccines 
have been performed and have been shown to be 
both safe and effective (Roberts et  al. 2005). 
Phase 1 trials have been completed for hemor-
rhagic fever (Boudreau et  al. 2012) using the 
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DNA vaccines delivered by BD against both the 
Hantaan (HTNV) and Puumala (PUUV) strains. 
A phase 1b clinical trial was performed against 
influenza using the trivalent influenza DNA vac-
cine also delivered by BD (Jones et  al. 2009). 
Both the hemorrhagic fever and influenza trials 
reported that patients tolerated the treatment well 
and antibody responses were noted though were 
limited. Against hemorrhagic fever both HTNV 
and PUUV viruses were evaluated and neutraliz-
ing antibody levels were between 30 and 56 %. 
The influenza trial evaluated the trivalent DNA 
vaccine in combination with DEI-LT and resulted 
in antibody responses against two of the three 
strains in the trivalent vaccine (H1, New 
Caledonia, and H3, Panama) and an overall effi-
cacy post challenge at 41 %. Despite moderate 
success from these two trials, both will require 
further optimization for future clinical testing. 
Three additional clinical trials were conducted 
against hepatitis B virus (HBV), using a plasmid 
constructed by Roy et  al. (2000) who demon-
strated that both protective humoral and cellular 
responses could be induced by BD against 
HBV.  Protective antibodies were demonstrated 
with two different PowderMed™ devices, ND5.5 
and XR1 (Pfizer, United States of America) 
(Roberts et al. 2005), in both responders and non-
responders to the traditional HBV vaccine 
(Rottinghaus et al. 2003).

29.2.1.3	 �Biolistic Delivery for Cancer 
Vaccines

Preclinical Applications
BD has been a hot topic for cancer treatment and 
has been used to deliver cytokines and tumor-
associated antigens (TAA) to the skin and tumor. 
BD of cytokine DNA for the treatment of mela-
noma, sarcoma, and carcinomas were conducted 
beginning in 1995. Delivery of interferon-gamma 
(IFN-γ) and tumor necrosis factor alpha (TNF-
α), immediately after implantation of tumors in 
mice, resulted in a reduction in tumor growth 
(Sun et  al. 1995). Interleukin (IL-12) comple-
mentary DNA (cDNA) was delivered to estab-
lished tumors by BD to evaluate the effect of 
treatment to existing tumors. Complete regression 
of tumors and inhibition of metastasis were 

achieved (Rakhmilevich et al. 1996). Delivery of 
tumor-associated antigens (TAA) such as gp100 
(glycoprotein found on human melanoma cells), 
and cancer testis antigen, NY-ESO-1 (found in 
normal testis and several tumors) (Gnjatic et al. 
2006), has resulted in significant protection from 
tumor challenge of both naïve and tumor-
established mice. The addition of granulocyte 
macrophage colony-stimulating factor (GM-CSF) 
DNA as a stimulator with plasmid DNA encod-
ing gp100 was shown to enhance immunity fur-
ther with BD (Rakhmilevich et al. 2001). A 2011 
study evaluated the use of fms-like tyrosine 
kinase-3(flt3) ligand DNA for the recruitment of 
DCs to the tumor by BD. Results indicated a sig-
nificant decrease in growth of murine fibrosar-
coma and an increase in DCs and major 
histocompatibility (MHC) class II expressing 
cells in the surrounding area (Abe et al. 2011).

The use of BD has also been combined with 
immune-enhancing proteins to increase the effec-
tiveness of cancer vaccines in preclinical models. 
A 1996 study by Irvine et al. evaluated the use of 
gene gun-mediated TAA delivery to tumors with 
the addition of recombinant (r) mouse (m) and 
human (h) cytokines such as human interleukin-2 
(hIL-2), mouse interleukin-6 (mIL-6), human 
interleukin-7 (hIL-7), or mouse interleukin-12 
(mIL-12). Significant decreases in tumor metas-
tases most notably with rmIL-12 were achieved 
(Irvine et al. 1996). In 2008 Cesco-Gaspere et al. 
evaluated the use of gene gun-mediated DNA 
delivery with recombinant adeno-associated 
virus (aav). Through the combination of these 
two methods, they were able to induce increased 
humoral immune responses that were correlated 
with a significant improvement in tumor protec-
tion (Cesco-Gaspere et al. 2008).

Another area of particular concern in preclini-
cal models has been human papillomavirus 
(HPV). HPV has been well correlated to cervical 
cancer in women as well as certain types of head 
and neck cancers. For this reason, prevention of 
this virus has become increasingly important to 
cancer researchers. In 1999 Chen et al. evaluated 
the use of a multivalent gene gun vaccine con-
taining DNA from HPV 16 gene E7, gene E7 
linked to sorting signals, and lysosomal-
associated membrane protein 1 (LAMP-1). The 
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vaccinated animals developed high specific CTL 
responses, cluster of differentiation (CD) 8+ pre-
cursors, increased antibody titers, and immunity 
against lung and liver metastasis (Chen et  al. 
1999). A 2002 gene gun study compared delivery 
of E6 and E7 genes, “early” genes known to act 
as oncogenes. While only a small effect was seen 
in delaying tumor growth in a cottontail rabbit 
papilloma (CTRP) model, two animals that 
received E7 gene delivery had a delayed onset of 
skin carcinoma growth until months 23 and 24 
(Han et al. 2002). A combined effect against both 
HPV and tumor growth has also been demon-
strated. This was noted in a study which com-
bined various genes encoding class II major 
histocompatibility complex (CIITA), calreticulin-
linked E6 gene of HPV, and invariant chain-
linked pan-human leukocyte antigen-DR 
(li-PADRE) reactive epitope. These genes are 
involved in regulating MHC class I and II expres-
sion (CIITA), promoting macrophage activity 
(calreticulin), and facilitating export from the 
endoplasmic reticulum (invariant chain). The 
addition of these components to genes encoding 
antigenic E6 induced enhanced CD8+ T-cell 
responses and antitumor effects and prolonged 
survival in tumor-bearing mice (Kim et al. 2008). 
A similar study was performed to evaluate the 
effectiveness of li-PADRE-E6 against head and 
neck cancers. Significant CD8+ T cells were 
induced and antitumor effects from tumor chal-
lenge were achieved (Wu et al. 2011).

Clinical Trials
Three clinical trials have been conducted and 
completed to date utilizing dermal BD against 
cancers. A gp100 DNA vaccine was tested to 
treat melanoma and an NY-ESO-1 construct to 
treat a variety of cancers including small cell 
lung, bladder, prostate, and esophageal cancer 
and sarcomas. The phase 1 study for melanoma 
by Ryan et  al. delivered gp100 and/or granulo-
cyte macrophage colony-stimulating factor 
(GM-CSF) DNA by BD in patients with mela-
noma to normal skin (Cassaday et  al. 2007). 
While their results generated only modest induc-
tion of immunity, they were able to demonstrate 
that specific autoimmunity was not induced from 
their treatment and their only site-specific 

reactions were those of standard inflammation 
and redness likely from gold bead bombardment, 
concluding that the vaccine could be adminis-
tered safely. In a 2010 follow-up study by 
Ginsberg et  al., the gp100 BD-delivered DNA 
vaccine was compared to intramuscular (i.m.) 
injection. Their results generated similar cellular 
responses as compared to i.m. injection, but DNA 
dosage was half that used for direct injection to 
the muscle without BD. Safety profile was again 
noted as safe with only injection site reaction 
coming from a BD patient with an undiagnosed 
gold allergy (Ginsberg et  al. 2010). The third 
study evaluated an NY-ESO-1 DNA vaccine, 
after the depletion of T regulatory cells, and 
observed a notable immune response (Gnjatic 
et al. 2009).

Another method which has been evaluated clin-
ically is the use of melanoma-specific antigens like 
tyrosinase. Tyrosinase is typically expressed in 
melanocytes and is critical for the biosynthesis of 
melanin from tyrosine. Mouse models utilizing 
various melanoma antigens have been shown to 
generate specific antibody and T-cell-mediated 
immunity. While this work has been performed for 
utilization against melanoma, most of the work to 
date has been used in muscle BD.  In 2003, the 
safety and efficacy (based on survival time) of 
these tyrosinase-based vaccines were established. 
Human tyrosinase plasmid was injected into the 
muscles of dogs, four times over 8 weeks. The plas-
mid was delivered by the Biojector® 2000 (Bioject, 
United States of America) and each cohort received 
different concentrations of plasmid. Survival times 
of many of the animals were increased greater than 
6 months with a Kaplan-Meier median survival 
time of 389 days (Bergman et al. 2003). It was later 
reported that immune responses from this treat-
ment showed an increase in antibodies of two- to 
fivefold over pre-immune sera for three of nine 
dogs. Upon evaluation it was determined that there  
was a significant correlation to the presence of 
these tyrosinase antibodies with survival time  
(Liao et al. 2006). In 2009, Merial (United States of 
America) developed a canine oral melanoma vac-
cine known as ONCEPT™ (Vical, United States of 
America). This vaccine has been evaluated in 
humans as well; again though melanoma was the 
target, delivery was to the muscle. Induction of 
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CD8+ T-cell responses (7 out of 18 patients) was 
established. Despite the demonstrated enhanced 
immunity, median survival was not attained out to 
42 months (Wolchok et al. 2007).

29.2.2	 �Electroporation

29.2.2.1	 �Introduction
Reversible electroporation (EP) involves the 
application of electrical pulses at various pulsing 
parameters for permeabilization of the cell mem-
brane. This method was initially used for bacte-
rial transfections, until 1982 when Neumann 
et al. established that it could be used to transfect 
mammalian cells (Neumann et  al. 1982). This 
chapter will include discussion on electrode 
design; defining electrical parameters through 
gene expression studies; preclinical applications 
in infectious disease, cancer, wound healing, and 
metabolic disorders; and completed clinical tri-
als. Irreversible EP (IRE) will be discussed in a 
later section.

29.2.2.2	 �Electrode Development 
for the Skin

The design of skin electrodes has been of criti-
cal interest to enhancing gene expression in the 
skin. The most common examples are plate, 
tweezer, and needle electrodes. Electrodes can 
be divided into two groups: penetrating or non-
penetrating. Penetrating electrodes bypass the 
stratum corneum by penetrating into the dermis 
with needles. Alternatively non-penetrating 
electrode designs are placed on the exterior of 
the skin and require the application of sufficient 
electric fields to penetrate the stratum corneum. 
Both types of electrode designs consist of sin-
gle or multiple electrodes in various conforma-
tions intended to optimize gene delivery and 
expression.

Penetrating Electrodes (PE)
The pulse application of PEs can range in electric 
field (50–1800 V/cm), duration (50 us to 650 ms), 
and pulse number depending on electrode design 
(Kaplitt et  al. 2007; Eberling et  al. 2008; 

Chevez-Barrios et  al. 2005; Campochiaro et  al. 
2006; Harvey et al. 1999; Hyde et al. 2000; Moss 
et  al. 2004; Kastrup et  al. 2005; Stewart et  al. 
2006; Makinen et  al. 2002; Rajagopalan et  al. 
2003; Romero et  al. 2004; Mavilio et  al. 2006; 
Macpherson et al. 2005; Levine et al. 2006; Roth 
et al. 2001; Powell et al. 2003; Cavazzana-Calvo 
et al. 2000). Various PE designs have been used 
for skin delivery and configurations play a role on 
the area of DNA uptake and gene expression. 
Some of the common PE designs include two, 
three, and four needles (Gilbert et  al. 1997; 
Gothelf and Gehl 2010). Others include multiple 
rows of needles, for example, two rows of four 
(Roos et al. 2009a; Gothelf et al. 2011) or four 
rows of four (Broderick et al. 2011), as well as 
plate- and fork-type electrodes which combine 
penetrating needles with a plate electrode 
(Gothelf et al. 2010b). The length of the needles 
also has an effect on the uptake and expression. 
Longer needles penetrate deeper into the skin, 
beyond the dermis. Others like microneedle elec-
trodes, which can be as short as 500 μm, only 
penetrate the stratum corneum (Wong et al. 2006, 
2011; Choi et al. 2012).

Non-penetrating Electrodes (NPE)
NPEs have also been utilized for skin EP and pro-
vide the advantage of not being inserted into the 
skin. Early NPEs consisted primarily of two plate 
electrodes in the form of caliper and tweezer 
electrodes that were squeezed to contact the skin 
surface. The variation of individual squeezing 
strength caused inconsistency in the distance 
between plates when applying pulses, affecting 
the applied voltage. While these electrodes were 
somewhat effective at enhancing gene expres-
sion, additional experimentation revealed that 
DNA uptake and expression could be increased 
by applying electrical pulses in multiple direc-
tions through the use of a four-plate electrode 
(4PE) array. Figure 29.1 shows the design of the 
4PE in both an open (a) and closed (b) position. 
This electrode consisted of four plates with a 
nonconductive stopper that held the distance 
between the plates constant (6  mm) reducing 
variability when pulsing. It was determined that 
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the expression of reporter genes (luciferase and 
green fluorescent protein) using this electrode 
was significantly increased over injection of 
DNA alone (no EP) and was consistent with other 
plate electrodes (Heller et al. 2007).

A later design known as the multielectrode 
array (MEA) was developed to decrease the sen-
sation of pain by reducing the applied voltage. 
This was achieved by the addition of electrodes 
to the design at smaller distances between them. 
Figure  29.2 demonstrates that the MEA has 16 
electrodes with 2 mm electrode spacing (Heller 
et al. 2010). The reduced distance between elec-
trodes decreases applied voltage by a factor of 
three while maintaining the electric field (V/cm). 
For example, using the 4PE an electric field of 
300 V/cm would equate to applying an absolute 
voltage of 180 V (V = EF * (6/10)), whereas that 
same electric field would equate to an absolute 
voltage of 60  V (V = EF * (2/10)) using the 
MEA.  Initial publications using the MEA to 
enhance gene expression demonstrated that lucif-
erase gene expression in guinea pigs and rats was 
similar to conventional NPEs and the expression 
was related to the duration and field strength 
applied (Guo et  al. 2011; Ferraro et  al. 2011; 
Donate et al. 2011). Additionally the expression 
was shown to be maintained within the epidermis 
and any resultant damage was resolved within 
1–2 weeks of treatment (Guo et al. 2011).

29.2.2.3	 �Preclinical Applications
Skin EP has been performed in most animal mod-
els including mice, rats, guinea pigs, pigs, rab-
bits, and rhesus macaques. Experiments 
evaluating gene expression, wound healing, DNA 
vaccines, cancer, and systemic expression have 
been conducted. Studies published prior to 2010 

Fig. 29.1  Four-plate electrode. The 4PE is a noninvasive electrode with four plates at perpendicular 90° right angles. 
A nonconductive stopper maintains a constant gap of 6 mm between electrodes

Fig. 29.2  Multielectrode array. The multielectrode array 
is designed with 16 electrodes in a 4 × 4 square array with 
a 2  mm gap between electrodes. The array allows for 
application of pulses in two directions. Standard usage of 
the MEA has been with 72 pulses, pulse ranges of 
25–300 V/cm, and pulse durations of 50–300 ms
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were extensively reviewed by Gothelf et  al. 
(Gothelf and Gehl 2010). Only those publications 
published since 2010 will be reviewed.

Gene Expression Studies
Electrically mediated gene expression in the skin 
has been extensively studied with both PE and 
NPEs. The primary reporters have been 
β-galactosidase, luciferase, and green fluorescent 
protein (GFP). To date there is no consensus 
among researchers as to the “optimal” electrical 
parameters for gene delivery. Instead the optimal 
parameters are dependent on a variety of factors 
including electrode design, field strength, pulse 
duration, end point assay, etc. Reports using 
NPEs (in mice and rats) have demonstrated that 
luciferase expression can be increased 100-fold 
as compared to skin injection alone at time points 
between 24 and 48 h (Roos et al. 2009b; Ferraro 
et  al. 2011; Heller et  al. 2010). This timing of 
expression was verified in a 2011 study by Guo 
et  al. where multiple treatments were utilized 
over time and each time point showed a spike in 
the expression at 48 h after treatment (Guo et al. 
2011). While many publications report peak 
expression about 48 h after delivery, it is possible 
that this is an effect of the reporter used for assay, 
in this case luciferase. A 2010 publication using 
the Katushka reporter, far-red fluorescent protein, 
demonstrated peak expression out to day 9 
(Gothelf et al. 2010a). The researchers theorized 
that variation may be related to half-life of the 
protein. In most cases both PE and NPE have 
been shown to enhance skin delivery upon appli-
cation of optimized parameters. However, one 
publication conducted in porcine skin in 2011 
was unable to generate significant increases in 
luciferase gene expression from plate electrodes 
in the skin. In that study, significant increases 
were only seen when penetrating needles with 
high- and low-voltage pulse combinations were 
used for delivery (Gothelf et al. 2011).

DNA Vaccines
EP has been used to deliver a variety of antigens 
including viral, bacterial, and parasitic infec-
tions. Success among these antigens has been 
variable and dependent upon the EP system 
applied as well as the target organ. Delivery of 

antigens to the skin with EP to stimulate a 
response against infectious disease is much more 
limited. Recent publications have evaluated viral 
antigens including HBV (Donate et  al. 2011), 
HIV (Brave et  al. 2010), influenza (Broderick 
et al. 2011; Shen et al. 2012; Lin et al. 2012), and 
smallpox (Hirao et  al. 2011). Many skin EP 
results have demonstrated the induction of a 
strong lasting humoral immune response. This 
was evident in the study by Donate et al. where 
significant increases were seen from weeks 
3–24  in a guinea pig model against HBV using 
the MEA (Donate et  al. 2011). Similar results 
were demonstrated in an electrically mediated 
smallpox DNA vaccine where an increased 
humoral immune response was seen with intra-
dermal EP as compared to intramuscular (Hirao 
et al. 2011). Electrically mediated DNA vaccine 
studies against influenza have shown promising 
results as well. Shen et al. achieved 100 % protec-
tion in mice from lethal challenge of influenza A 
after an electrically mediated vaccination (Shen 
et al. 2012). In a biodistribution study, little DNA 
was found in the skin and muscle from EP vac-
cination while still eliciting a strong IFN gamma 
response against HIV (Brave et al. 2010). Though 
nonhuman primate studies have resulted in lower 
immunogenicity responses as compared to small 
rodent models, protective levels of antibodies 
have been demonstrated in smallpox and influ-
enza models as well as protection from challenge 
with monkeypox virus (Hooper et  al. 2004; 
Loudon et al. 2010).

Cancer Vaccines
In the discussion of cancer treatment using EP, 
there are several different methods that have 
been employed. The use of irreversible EP (IRE) 
or tumor ablation has been used to kill tumor 
cells. While this treatment, depending on 
electrical parameters, has been successful, it is 
primarily a localized therapy that is mainly 
effective against only the IRE-treated tumors. 
Electrochemotherapy (ECT), chemotherapeutic 
drugs delivered by electrical pulses, has been 
used since the early 1990s for the treatment of 
tumors. The enhancement of drug (such as bleo-
mycin and cisplatin) entry into the cells by the 
addition of electrical pulses has markedly 
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increased the effectiveness of antineoplastic 
drugs. ECT has been approved for human use in 
Europe. Overall response rates in patients with 
unresectable recurrent tumors were between 80 
and 90 %. However, ECT is less effective against 
deep-seated tumors and metastasis (Escoffre and 
Rols 2012). Reversible EP has also been used to 
reduce tumor burden, but instead of destroying 
the tumor with pulses, genes are delivered to the 
skin or intratumoral (i.t.) for skin cancers to 
stimulate the immune system either to recognize 
tumor antigen or recruit immune cells to the 
tumor.

Much of the preclinical work for electrically 
mediated cancer vaccines has been focused on 
delivery of cytokine DNA for immune stimula-
tion. Upon delivery and expression of these cyto-
kines to the tumor or skin, they are able to 
stimulate the recruitment of immune cells for 
tumor recognition. Early reports were published 
in 2000 and evaluated the combination of ECT 
with delivery of plasmids encoding either IL-2 or 
GM-CSF. Their results indicated that long-term 
immunity could be achieved and upon challenge 
with new tumor, 25 % of animals were resistant 
to the new tumors (Heller et  al. 2000). These 
promising results led to several studies which 
analyzed the use of electrically mediated cyto-
kine DNA without ECT. One such report exam-
ined i.t. injection and EP of IL-12 and/or IL-2. A 
significant delay in the growth of tumors was 
attained (Lohr et  al. 2001). A study by Lucas 
et al. in 2001 using plasmid IL-12 delivered i.d. 
by EP resulted in a tenfold increase in IFN-γ lev-
els in serum of treated animals (Heller et  al. 
2001). Follow-up and concurrent studies by the 
same group reported that tumor volume could be 
significantly reduced by treatment EP-delivered 
plasmid IL-12. Histopathologic analysis revealed 
that the tissue from EP-delivered plasmid IL-12-
treated groups appeared in the best health. No 
systemic toxicity of IL-12 was noted (Heller 
et  al. 2006; Lucas et  al. 2002). A more recent 
study evaluated the use of plasmid IL-12 with i.t. 
two-needle EP to reduce tumor burden in beagles 
with canine transmissible venereal tumor 
(CTVT). Their results echo those seen from ear-
lier rodent reports demonstrating a reduction in 
tumor burden and enhancement of immunologic 

memory to the cancer cells (Chuang et al. 2009). 
In 2006, Ugen et al. evaluated the effect of IL-15 
plasmid delivery by EP (Ugen et al. 2006). Their 
results showed that IL-15 plasmid induced com-
plete tumor regression and that through the addi-
tion of EP, this response could be enhanced. A 
follow-up study by Marrero et al. using different 
time points for treatment showed an increase in 
percent survival as compared to the initial Ugen 
et al. publication (Marrero et al. 2014; Ugen et al. 
2006).

As with the BD devices, tyrosinase vaccines 
have also been evaluated, but though these are 
studying melanoma, the EP delivery was per-
formed into the muscle. Results showed a signifi-
cant delay in implanted tumor growth as well as 
little to no development of tumor nodules follow-
ing an intravenous (i.v.) injection of tumor cells 
(Kalat et al. 2002).

Wound Repair and Metabolic Disorders
Other areas of EP delivery research have included 
wound repair and metabolic dysregulation. Only 
a few studies have been performed but their 
results represent significant findings in these 
fields. In a 2011 study by Wong et al., a micronee-
dle electrode was used to deliver insulin to dia-
betic mice. It should be specified that in this 
study insulin protein was delivered and not the 
gene. Insulin diffusion increased nearly 100-fold 
by EP delivery. The addition of heat to the skin 
for 20 min prior to EP delivery enhanced the dif-
fusion over 200-fold (Wong et al. 2011).

A 2011 study used noninvasive EP delivery in 
a wound healing model. Ferraro et al. created a 
random skin flap (RSF) model on the dorsum of 
the rat. The flap was pulled back from the fascia 
to sever all blood vessels to that section of the 
skin and was immediately sutured. After 48  h 
plasmid DNA expressing vascular endothelial 
growth factor (VEGF) was delivered by EP at 
four equally spaced sites on the flap. Perfusion of 
the flap was measured before and after wound-
ing, as well as over time after EP delivery. Their 
results showed an increase in VEGF expression 
for 5 days after treatment and an overall increase 
in perfusion of the skin flap. The increased perfu-
sion was correlated to an increase in flap survival 
(Ferraro et al. 2009).
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29.2.2.4	 �Clinical Applications
A 2013 search on www.clinicaltrials.gov using 
the keyword “electroporation” displays 59 
active, recruiting, or completed trials. Of those, 
eight are being conducted using intradermal EP 
and an additional seven using intratumor EP of 
skin-related cancers. However, to date only 
three have been completed. The first was a study 
evaluating i.t. injection of melanoma with an 
EP-delivered plasmid IL-12 followed by 
EP. Their results demonstrated that EP could be 
used safely and with little to no adverse effects 
even when delivering a plasmid cytokine for 
immune enhancement against melanoma. 
Additionally, their anticancer effects reversed or 
stopped tumor progression even treating a lim-
ited number of tumors. While 90 % of EP-treated 
lesions were observed to have a response, two 
patients were observed to have a complete 
regression of all treated and untreated lesions. 
Another seven patients also had response in all 
treated and some of untreated lesions (Daud 
et  al. 2008). A second study, utilizing plasmid 
IL-2, has not yet published results on the clini-
cal efficacy of their trial but has reported that 
there was no toxicity from the treatment (Horton 
et al. 2008). The final study was to evaluate the 
use of creams for decreasing pain associated 
with i.d. EP.  To date no results have been 
published.

29.2.3	 �Sonoporation (Ultrasound)

29.2.3.1	 �Introduction and Mechanism
Sonoporation, more commonly called ultrasound 
(US), involves the use of sound waves for modify-
ing the permeability of cell membranes. Like the 
other active mechanisms discussed, this allows 
for the uptake of large molecules like DNA. US is 
used routinely for imaging muscles, tendons, and 
internal organs. It is relatively inexpensive and 
portable as compared to magnetic resonance 
imaging (MRI) and computed tomography (CT). 
When used properly it is generally considered 
safe, posing no known risks to patients. 
Additionally, it is of interest as a physical nonin-
vasive method for gene delivery due to its wide 
use and public safety record. Traditional frequen-
cies used for US when imaging are in range of 
2–18  MHz. While many frequencies have been 
evaluated for US-mediated delivery, reports by 
Tachibana et al. in the early 1990s demonstrated 
that low-frequency US in the 20–100 kHz range 
was more effective for transdermal delivery than 
higher frequencies (Tachibana 1992; Tachibana 
and Tachibana 1991, 1993).

The mechanism of uptake by US-mediated 
gene delivery has been attributed to three charac-
teristic effects: acoustic cavitation of microbub-
bles, radiation pressure, and acoustic 
microstreaming (O’Brien 2007). Figure  29.3 

Ultrasound

Popped microbubble

Cationic microbubble

DNA
entering
cell

Fig. 29.3  Ultrasound and 
microbubble-mediated gene 
delivery. Application of 
ultrasound to gas-filled 
microbubbles causes 
destruction of the 
microbubble leading to an 
energetic wave which causes 
permeabilization of nearby 
cells leading to DNA uptake 
(Figure reprinted with 
permission from Elsevier, 
Liu et al. 2006)
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shows how ultrasound can be used to transfer 
DNA into cells. The most well-understood US 
bioeffect is cavitation. Cavitation is the result of a 
nonthermal interaction between a pressure wave 
and gas inclusion of aqueous media. It causes 
mechanical perturbation in the vicinity of active 
bubbles, which can lead to membrane effects on 
individual cells. The membrane effects from US 
vary from the transient opening of holes in the 
membrane to cell lysis or even fragmentation 
(Miller and Dou 2004a, b, c). Additionally con-
trast agents, which are traditionally used in US 
imaging, have been shown to markedly increase 
gene expression when used in combination with 
ultrasound-mediated gene delivery (Akowuah 
et al. 2005; Rahim et al. 2006a; Duvshani-Eshet 
et  al. 2006; Kodama et  al. 2006; Pislaru et  al. 
2003; Guo et al. 2004; Sakakima et al. 2005). US 
contrast agents have been designed to aid in the 
generation of microbubbles and serve as “carrier” 
molecules for DNA entry. Both inertial cavitation 
and destruction of microbubbles are capable of 
producing strong mechanical stress to enhance 
the permeability of the surrounding tissues. In 
vitro experiments utilizing US-mediated delivery 
have demonstrated 1000-fold increases in gene 
expression (Liang et al. 2004; Michel et al. 2004; 
Mehier-Humbert et  al. 2005; Akowuah et  al. 
2005; Zhou et  al. 2005; Rahim et  al. 2006a, b; 
Fischer et al. 2006; Guo et al. 2006).

29.2.3.2	 �Ultrasound in the Skin: Gene 
Expression and Therapeutics

US has been used fairly extensively in targeting 
gene delivery to various deep tissues with reporter 
plasmids (Newman and Bettinger 2007) and 
therapeutic targets. In addition, US-mediated 
transdermal drug delivery has been well studied 
in  vivo and shown to be effective at increasing 
transport. However, skin-related gene delivery 
has only been directly evaluated in one study. 
This 2011 preclinical ex vivo breast cancer analy-
sis compared multiple physical methods of deliv-
ery including ultrasound. Luciferase-expressing 
plasmid DNA was injected into the tumor slices. 
After 90 s a low-intensity ultrasound was applied 
for 5 min. Gene expression was assessed using 
the in vivo imaging system (IVIS)-luminescence 

system 24 h after treatment. In ex vivo samples, 
US gave the highest gene expression of methods 
studied (adenovirus, AAV, EP, lipofectin, and 
direct DNA injection) but did not translate 
in vivo, due to interference from the blood and 
skin. They reported that US may be most useful 
when treating superficial and small nodes of the 
chest wall (Rajendran et al. 2011).

29.2.4	 �Plasma Delivery

29.2.4.1	 �Introduction, Design, 
and Gene Delivery

Plasma is comprised of a mixture of ionized 
gases. Plasmas are responsive to electric fields 
and have high electrical conductivity. High-
temperature plasmas (dense plasmas) are associ-
ated with lightning, stars, and the sun. In contrast, 
low-temperature plasmas (low-density plasmas) 
are associated with the aurora borealis and aus-
tralis in the northern and southern hemispheres, 
respectively. The use of plasma as a delivery 
technique can be considered a “green” technol-
ogy as it uses energy (electrons) instead of liquid 
chemicals or heat to accomplish its goals.

Two types of plasmas are known and can be 
described as thermal and nonthermal. Thermal 
plasmas denote those where the electrons, ions, 
and neutral gases have the same temperature and 
are in equilibrium with their surroundings. 
Nonthermal plasmas have ions and uncharged 
molecules that are much cooler than electrons 
and the carrier gas is therefore only slightly ion-
ized. Due to this, nonthermal plasmas cool down 
very quickly, within fractions of a second. 
Nonthermal plasmas are used most commonly in 
biomedical procedures and are typically utilized 
at atmospheric pressure.

The most commonly noted biomedical effect 
of plasma usage is surface decontamination 
(Morris et al. 2009; Terrier et al. 2009; Scholtz 
et  al. 2007a, b; Kuo 2008). However, in 2005 
Ogawa et al. demonstrated that in vitro plasma-
mediated DNA transfection could be performed 
(Ogawa et  al. 2005). Later plasma-mediated 
DNA transfection in  vitro was shown to be 
dependent on DNA concentration and the time of 
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plasma exposure (Sakai et  al. 2006). Using 
in vitro skin and cancer models, a 600  seconds 
plasma delivery was shown to deliver genes in 
both keratinocytes and B16F10 mouse melanoma 
(Connolly et al. 2010).

29.2.4.2	 �Plasma in the Skin: Gene 
Expression and Vaccines

The use of plasma-mediated delivery in vivo is in 
the early stages of preclinical testing. Initial 
in vivo analysis of luciferase reporter expression 
in a murine model was conducted by Connolly 
et  al. Mice were injected with 50 μl luciferase 
plasmid and exposed to a 10  min exposure of 
either positive or negative helium-based plasma. 
Plume lengths were 2  cm for negative plasma 
exposures and 3 cm for positive plasma. Similar 
gene expression levels were seen from both posi-
tive and negative plasma delivery. Both were sig-
nificantly increased over injection of DNA alone. 
Additionally they saw no muscle contraction or 
visual damage to the skin from treatment with 
their plasma generators (Connolly et  al. 2009). 
Figure  29.4 shows the plume generated from 
plasma exposure and how this method can be 
used in gene transfer. In a later study, Connolly 
et al. investigated the use of plasma delivery to 
vaccinate against HIV. Various plasma conditions 
were evaluated, but the most efficient condition 
resulted in significant increases in antigen-
specific antibodies and interferon-gamma spot-
forming cells (Connolly et al. 2011, 2012).

29.2.5	 �Magnetofection

29.2.5.1	 �Introduction and Mechanism
The term “magnetofection” (MF) is defined as 
nucleic acid delivery under the influence of a 
magnetic field. MF acts on nucleic acid vectors 
that are associated with magnetic (nano)particles. 
Nano-sized magnetic particles are said to be 
superparamagnetic, meaning they are easily 
magnetized, but immediately return to an unmag-
netized state after removing the field (Furlani and 
Ng 2008). The magnetic particles when bound to 
a gene vector and under the influence of a mag-
netic field can transport the vector to a target 

tissue, shown in Fig.  29.5. In this way the 
magnetic field targets uptake to specific tissues 
(Plank et al. 2003a, b, 2011; Scherer et al. 2002; 

Fig. 29.4  Plasma-mediated gene delivery. Plasma was 
applied to mouse skin to evaluate gene transfer. Image 
was captured with a 2 min plasma exposure, at 8 kV, and 
an operating distance of 1 cm (Figure reprinted with per-
mission from the University of South Florida College of 
Engineering: Mark Jaroszeski, Richard Connolly, and 
Andrew Hoff)

Fig. 29.5  Delivery by magnetofection. Magnetic nanopar-
ticles that are associated with gene delivery vectors under 
the application of magnetic force vectors can be directed 
toward target cells (Figure reprinted with permission from 
Elsevier, Plank et al. 2011)
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Plank and Rosenecker 2009; Krotz et al. 2003a, 
b; Kami et al. 2011). A critical aspect for MF is 
the assembly of the vector to magnetic particles. 
Four methods have been described.

The first is through ligand-ligand interactions. 
The most common ligand-ligand interaction is 
streptavidin and biotin technology. The second 
assembly method is self-assembly by electro-
static or hydrophobic interactions. Via this 
method the negatively charged phosphate back-
bone of nucleic acids and the negative electroki-
netic (or zeta-) potential of all types of viral 
particles in aqueous media allow for the assem-
bly with cationic species and particles by electro-
statically induced aggregation (Scherer et  al. 
2002; Singh and Kostarelos 2009). The third 
method is characterization of magnetic vector 
formulations, which involves determining hydro-
dynamic diameter, electrokinetic potential, as 
well as the stability in the presence of proteins. 
Finally, covalent coupling of vector and magnetic 
particles is the most rarely used of the formula-
tion methods (Plank et al. 2011).

29.2.5.2	 �MF Gene Expression 
and Preclinical Application

To date only a small number of gene delivery 
experiments have been performed utilizing mag-
netofection as a delivery method. A 2003 in vitro 
study used human umbilical vein endothelial 
cells delivered by MF to express luciferase and 
green fluorescent protein. MF delivery increased 
luciferase expression 360-fold over commer-
cially available transfection reagents 
(Lipofectamine™ (Life Technologies, Grand 
Island, NY), FuGENE™ (Promega, Madison, 
WI), and DMRIE-C™ (Life Technologies, Grand 
Island, NY)). In addition, transfection efficiency 
with MF-delivered GFP was 39 %. One limita-
tion was a nearly twofold increase in toxicity 
(Krotz et al. 2003b). A 2008 in vivo wound heal-
ing model was performed in rats. Vascular endo-
thelial growth factor (VEGF) 165 cDNA was 
delivered to rats by MF in combination with US 7 
days prior to making the RSF. Giunta et al. dem-
onstrated that VEGF165 could effectively be 
delivered by MF in combination with US. A 50 % 
survival of skin flaps and a significant increase in 

flap perfusion were seen 7 days postoperative. 
This effect was hampered without the magnetic 
field and US treatment (Holzbach et al. 2010).

29.2.6	 �Abrasion

29.2.6.1	 �Introduction and Mechanism
As discussed, one of the many important functions 
of the skin and, more specifically, the stratum cor-
neum is to prevent penetration into the skin. 
Because of this, removal or disruption of the stra-
tum corneum is a potential method for aiding the 
delivery of genes into the skin. Examples of meth-
ods for disrupting the SC include rough surfaces, 
tape stripping, and microdermabrasion. Rough 
surfaces like abrasive pads or sandpaper can be 
used by rubbing the skin to remove dead cells. 
Tape stripping is performed by repeatedly placing 
peeling tape from the skin. Microdermabrasion 
uses exfoliating media containing crystals or dia-
mond flakes and a suction device to remove the 
skin cells.

29.2.6.2	 �Preclinical and Clinical 
Applications

The most common abrasion technique is the use 
of abrasive paper. Administration of Bacillus 
anthracis and influenza vaccines has been done 
by this method (Matyas et al. 2004; Glenn et al. 
2009). A handheld clinical strip-pull device 
called the Skin Prep System (SPS) was designed 
by Intercell AG (Austria) and is currently used 
with many of their transcutaneous vaccines. This 
device is designed to painlessly remove about 
25 % of the stratum corneum. It can be used in 
conjunction with Intercell AG’s vaccine delivery 
patch (VDP) and their vaccine enhancement 
patch (VEP) which contains E. coli labile toxin 
as an adjuvant. This device has been used against 
influenza. Hemagglutinin inhibition assays from 
this study reported moderate improvement over 
vaccine recipients alone (Glenn et  al. 2009). 
Since then Intercell AG has expanded its research 
to include recombinant protein and inactivated 
viral vaccines for Japanese encephalitis, travel-
er’s diarrhea, and pseudomonas (Tauber et  al. 
2008; Seid et al. 2012).
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Microdermabrasion is a commonly used 
method for skin rejuvenation but has also been 
effectively used for vaccination against Vaccinia 
virus. In this study, full-thickness stratum cor-
neum was able to be removed without further 
damage to the skin layers and an enhancement in 
skin permeability to drugs was observed (Kim 
et al. 2009, 2011; Gill et al. 2009).

29.2.7	 �Ablation

29.2.7.1	 �Introduction and Mechanisms
Another method of delivery is ablation. Ablation 
can be performed by either thermal or nonther-
mal means. Thermal ablation involves the use of 
heat to destroy and remove the tissue. This 
includes radiofrequency ablation (RFA), micro-
wave hyperthermia, high-intensity focused ultra-
sound (HIFU), IRE, and laser ablation. The 
induction of heat by the given source is used to 
destroy the focused tissue, and in most preclini-
cal applications, the target tissue is tumor.

Nonthermal ablation is performed either by 
the use of high-frequency nonthermal irreversible 
EP (NtIRE) or nanosecond pulsed electric fields 
(nsPEFs) and is induced by changes to either the 
plasma (NtIRE) or nuclear (nsPEF) membranes. 
NtIRE induces cellular defects to the plasma 
membrane that the cell is unable to recover and 
results in cell death. nsPEF induced changes 
which affect the nuclear membrane inducing 
apoptosis (Beebe et al. 2003).

29.2.7.2	 �Preclinical Applications 
to the Skin

Thermal Ablation
Only a few studies have evaluated gene delivery by 
thermal ablation methods. One study in 2006, pub-
lished by Birchall et al., demonstrated that radiofre-
quency ablation (RFA) could be used to deliver a 
reporter gene. Human breast tissue was obtained by 
mastectomy or breast reduction. The ViaDerm™ 
device (Syneron Medical Ltd., Israel) was used at 
700 μs bursts and applied voltages of 290 or 330 V 
and 100 kHz frequencies. ViaDerm™ was demon-
strated to induce microchannels large enough and 

deep enough to transport 100  nm microparticles. 
Gene expression studies revealed that 
β-galactosidase could be delivered and expressed 
using delivery with this device (Birchall et al. 2006).

In another study, IRE was used to deliver GFP 
to pig liver. While this study was not done to the 
skin, it could easily be translated to a skin model 
for ablation. Conditions used for IRE were 
1500  V/cm and 90 pulses for 100  μs pulse 
lengths. While no quantitative expression was 
shown in this study, all of the animals expressed 
GFP when delivery was performed with IRE  
(Au et al. 2011).

Nonthermal Ablation
The first studies in 2002 by Beebe et al. demon-
strated that nsPEF could induce reduced tumor 
growth by apoptosis (Beebe et  al. 2003). An 
in  vivo study by Schoenbach in 2006 demon-
strated that melanoma tumors could be reduced 
by nsPEFs and that their blood flow was reduced 
all with minimal changes in temperature of 3 °C 
or less (Nuccitelli et al. 2006). Since then, a 2010 
study by Nucitelli et  al. evaluated the use of 
nsPEF to reduce the size of melanoma tumors in 
mouse skin. They reported the elimination of 17 
tumors in four mice using nsPEF conditions that 
maintained skin temperature below 40  °C 
(Nuccitelli et al. 2010). In addition they demon-
strated that little to no scarring was generated by 
their treatment further demonstrating the speci-
ficity of this method. A study in 2012 evaluated 
the use of nsPEF against cutaneous papilloma 
and squamous cell carcinoma. In this study, both 
in vitro and in vivo analyses were performed to 
determine pulse length, duration, and number. 
They reported elimination of primary tumors 
with one treatment and secondary tumors after a 
second treatment (Yin et al. 2012).

Delivery of small interfering ribonucleic acids 
(siRNAs) using nsPEF is also being studied. An 
initial study by Breton et al. used a single 10 ns 
pulse applied to giant unilamellar vesicles at vari-
ous fields from 2 to 5.8  kV/mm. FITC-labeled 
siRNAs were included to evaluate uptake at the 
different fields. It was determined that increased 
uptake occurred with increasing fields (Breton 
et al. 2012).
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29.3	 �Conclusions and Future 
Prospects

Noninvasive or minimally invasive techniques 
are of importance for preventing pain which can 
be associated with more invasiveness procedures. 
In this chapter we have discussed a variety of 
active physical delivery methods and the publica-
tions to date which have been performed for skin 
gene delivery using these techniques. The litera-
ture published utilizing biolistic and EP-mediated 
delivery has been focused on DNA vaccines 
against infectious disease and cancer. However, 
in the case of EP, wound models and diabetes are 
also being performed. Established techniques 
like US, which are typically used for imaging, are 
being used to deliver genes and may prove to be 
a mediator for cancer gene delivery. Newer tech-
niques like plasma and magnetofection are being 
used in DNA vaccines and to treat wounds. A 
seemingly simple technique of abrading the skin 
has been used to deliver DNA vaccines against a 
variety of infectious agents. Finally, ablation, 
which was typically used to kill cells, is now 
being shown to have potential for gene delivery 
under certain conditions.

While much can be done utilizing these physi-
cal methods, overall little is known about the 
mechanisms by which they act. Future work 
should include further study into the mechanisms 
of physical delivery devices to assure public safety 
and efficacy. Understanding more about the mech-
anisms by which these enhancers function may 
shed some light on whether certain techniques are 
more or less useful for various disease states.
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Skin Vaccination Methods: Gene 
Gun, Jet Injector, Tattoo Vaccine, 
and Microneedle

Yeu-Chun Kim

30.1	 �Introduction

The natural biological function of the skin is to 
protect the body against exogenous materials. 
The major barrier that regulates the inward and 
outward diffusion of compounds is the outermost 
layer of the skin, stratum corneum. Stratum cor-
neum consists of keratinized cells (corneocytes) 
embedded in a lamellar lipid-rich interstitium. 
Unique lipid arrangements within the stratum 
corneum contribute to the barrier function and 
maintain cohesion between corneocytes 
(Madison 2003). In addition to physical protec-
tion, the skin has the capability to protect against 
pathogens by an immunological function (Kupper 
and Fuhlbrigge 2004). High concentrations of 
antigen-presenting cells that reside in the epider-
mis and dermis layers can play pivotal roles for 
inducing immune responses. Antigen-presenting 
cells in the skin consist of Langerhans’ cells, lan-
gerin (+) dermal dendritic cells, dermal mast 
cells, and macrophages. These cells process 
incoming antigens, resulting in immune system 
activation or immune tolerance of antigens 
(Debenedictis et al. 2001).

For the purpose of targeting immune cells 
in the skin as well as overcoming skin’s main 
barrier  – stratum corneum – various vaccine 
delivery systems have been studied and devel-
oped (Mitragotri 2005; Giudice and Campbell 
2006). Many studies that attempted to effec-
tively deliver vaccines across the skin (so-called 
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intradermal immunization) showed several 
advantages over conventional administration 
methods, such as intramuscular or subcutane-
ous injection using syringe hypodermic needles 
(Nicolas and Guy 2008). More importantly, 
intradermal vaccine administration demon-
strated dose-sparing advantages and superior 
immunity (La Montagne and Fauci 2004). 
Recently, many advanced skin vaccination tools 
have been suggested and developed (Fig. 30.1). 
Therefore, we would like to introduce several 
needle-free skin vaccination devices, excluding 
the topics of electroporation, which may be cov-
ered in separate chapters.

30.2	 �Intradermal Injection

In present medical practice, most vaccines are 
administered intramuscularly (IM) or subcutane-
ously (SC) by hypodermic needle injection. For 

delivery of vaccines into the dermis region, 
hypodermic needles are used in a special method 
called the Mantoux technique. The Mantoux tech-
nique is an intradermal (ID) injection method that 
was developed by Charles Mantoux in the early 
twentieth century (Mantoux 1909). In this method, 
a high-gauged hypodermic needle (higher than 
25 g needle) is inserted into the skin at a 5–15° 
angle and 1 mm total depth into the dermis area. 
When the vaccine is slowly injected into the skin 
by ID injection, the formation of “blebs” (slight 
swellings) on the skin can be observed, which can 
also be significant indicators for successful ID 
injection. However, this administration method 
requires highly trained personnel and is consid-
ered an inconsistent delivery method due to skin 
elasticity (Lambert and Laurent 2008). In addi-
tion, it is greatly difficult to deliver accurate 
amounts of vaccines into the dermis region using 
this technique. Therefore, the development of 
reliable intradermal vaccine delivery methods has 

Gene gun
Epidermal powder

immunization Jet injector Tattoo device Microneedles

Stratum corneum
epidermis

Dermis

Fig. 30.1  Skin vaccination methods (This figure was modified and redrawn from following reference (Mitragotri 2005; 
Kis et al. 2012))
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been a compelling issue, regarding which various 
methods have been investigated globally in recent 
years (Kim et al. 2012b).

30.3	 �Ballistic Vaccination: 
Particle-Mediated Epidermal 
Delivery (PMED/Gene Gun)

Gene gun is a representative ballistic vaccination 
method that delivers plasmid deoxyribonucleic 
acid (DNA) vaccine-coated microbeads, such as 
gold particles, across the skin and targets skin cells 
for gene transfection (Fig. 30.2). In this method, 
DNA-coated particles are accelerated by high-
pressured gas to penetrate skin and cell mem-
branes (Yang and Sun 1995). This approach was 
originally developed as a gene transfer tool for 
plant cells (Klein et al. 1987) and was also applied 
for animal DNA vaccination (Fynan et al. 1993).

Subsequently, ballistic vaccination was 
applied in numerous studies of various disease 
models. When a DNA vaccine for protecting 
against Helicobacter pylori was delivered by 
gene gun in a mouse model, with interleukin-2 
(IL-2) and B subunit heat-labile toxin gene as 
adjuvants, strong immune response and great 

reduction in bacterial load were observed (Chen 
et al. 2012). Similarly, strong antibody responses 
and survival rates were reported when a DNA 
vaccine against Japanese encephalitis virus infec-
tion formulated on chitosan nanoparticles was 
administered by this method (Huang et al. 2009a). 
In addition, human papillomavirus (HPV) was 
targeted by DNA vaccination using gene gun, 
which resulted in strong CD8+ T-cell immunity, 
albeit inferior to that elicited by HPV pseudoviri-
ons, which are composed of papillomavirus cap-
sid proteins (Peng et  al. 2010). It was also 
reported that a DNA vaccine based on single-
chain major histocompatibility complex (MHC) I 
trimer against Listeria monocytogenes infection 
was delivered by gene gun, which activated 
CD8+ T-cell immunity (Kim et  al. 2012a). 
Furthermore, cattle were immunized by gene gun 
with a DNA vaccine against bovine herpesvirus 
infection. In this study, mucosal immunization 
delivered intravulvomucosally showed stronger 
humoral and protective immune response than 
intradermal delivery (Loehr et al. 2000). Brugia 
malayi-abundant larval transcript-2 (BmALT-2) 
DNA vaccine was delivered using gene gun and 
was compared with conventional intradermal 
injection. It was asserted that gene gun methods 

Barrel liner

Cartridge holder

Spacer Acceleration channel

He gas

Cartridge with
DNA-coated microcarrier

Fig. 30.2  Gene gun device (This figure was modified and 
redrawn from following webpages (http://www.bio-rad.
com/prd/en/US/LSR/PDP/42e9d6be-369a-49f8-8fbb-

281a0fea6df8/Helios-Gene-Gun-System, http://www.1cro.
com/campbell/hottopics/dnavaccines/dnavaccines.html))
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provided significant protection against challenge 
and significant dose sparing (Joseph et al. 2012). 
In another study, it was shown that allergy 
response was prevented by the delivery of DNA 
vaccines encoding the birch pollen allergen (Bet 
v 1) and the grass pollen allergen (Phl p 5), but 
lung eosinophilia was promoted by gene gun 
immunization (Scheiblhofer et al. 2007).

Influenza virus is the most well-studied dis-
ease model in the field of DNA vaccine research. 
Influenza DNA vaccine delivery by gene gun 
was compared with intramuscular or intradermal 
injection (Feltquate et al. 1997) and electropora-
tion (Wang et  al. 2008). When compared with 
IM or ID injection, gene gun showed different T 
helper (Th) cells and antibody responses. Gene 
gun delivery induced Th2 response with a pre-
dominant production of immunoglobulin G1 
(IgG1) antibodies, whereas IM or ID injection 
raised Th1 response with a higher ratio of immu-
noglobulin G2a (IgG2a) antibodies. This trend 
of immunity was confirmed in CpG motif DNA 
vaccination studies (Weiss et al. 2002). In addi-
tion, when electroporation was compared with 
gene gun, similar immunizing effects, but differ-
ent Th cell responses, were observed (Wang 
et al. 2008).

Ballistic vaccination was also extensively 
applied in Alzheimer’s disease studies. The first 
immunization study using amyloid beta 42 
(Aβ42) peptide DNA vaccine elicited strong anti-
body response but did not derive cellular immu-
nity (Qu et  al. 2004). The following studies 
presented that prophylactic Aβ42 DNA vaccina-
tion reduced the deposition of Aβ42 peptide in 
the brain and derived Th2-polarized immune 
response (Qu et al. 2006, 2007). More advanced 
immunization studies using gene gun with DNA 
β-amyloid1-42 trimer immunization were com-
pared with conventional intraperitoneal vaccina-
tion with Aβ42 peptide and Quil-A adjuvant. 
Gene gun immunization with DNA β-amyloid1-42 
trimer correlated with IgG1-biased immunity, 
indicating lower inflammation (Lambracht-
Washington et al. 2009). In recent studies, more 
comparative analyses between various plasmid 
systems were carried out (Qu et al. 2010). Safety 
tests for gene gun immunization with DNA 

β-amyloid1-42 trimer confirmed that this 
immunization method caused less inflammatory 
responses due to the lack of T-cell proliferative 
response and interferon-gamma (IFN-γ) or inter-
leukin 17 (IL-17) cytokine secretion (Lambracht-
Washington et al. 2011).

In addition to antigen delivery by gene gun, 
several vaccine adjuvants were also administered 
by the ballistic vaccination method. Using gene 
gun delivery, complement fragment C3d was 
tested as an adjuvant against malaria and derived 
controversial effects with immune-stimulating as 
well as immune-suppressing effects (Weiss et al. 
2010). And avian interleukin 1β (IL-1β) and 6 
(IL-6) were tested as potential genetic adjuvants 
to produce immunoglobulin Y (IgY) antibody 
response for immunization of laying hens 
(Niederstadt et al. 2012).

The gene gun method was also applied in 
DNA vaccination against tumors. In one study, 
gene gun delivery was compared with biojector 
and IM injection (Trimble et al. 2003). DNA vac-
cination with gene gun displayed the most potent 
regimen for DNA administration, such as the 
highest CD8+ T-cell concentration and antitumor 
response. In a different study, gene gun was com-
pared with ID, IM injection, and IM injection 
combined with electroporation. Gene gun deliv-
ery produced less effective results than IM with 
electroporation, although it must be taken into 
account that the delivered dose by gene gun was 
25 times less than that for IM with electropora-
tion (Smorlesi et al. 2006).

Ballistic vaccination has been tested in numer-
ous clinical studies in various disease models. 
Phase I human clinical trials were conducted to 
evaluate the safety and immunity of a DNA vac-
cine encoding hepatitis B virus antigen in several 
medical centers organized by PowderJect Vaccine 
Inc. When a low dose of DNA vaccine (0.25 μg) 
was administered by gene gun, two immuniza-
tion regimens could derive a high immune 
response, but a single immunization could not 
induce any immunity (Tacket et  al. 1999). In a 
second trial, a higher dose (>1 μg) was used, and 
three immunizations were applied. From this 
trial, it was found that gene gun DNA vaccination 
derived not only humoral immunity, such as 
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antibody secretion, but also cellular response, 
such as secretion of IFN-γ and cytotoxic T lym-
phocytes (CTL) response (Roy et al. 2001). In a 
third study, DNA vaccine by gene gun derived 
strong seroprotective antibody response, even 
from human subjects who displayed poor immune 
response to conventional subunit vaccines 
(Rottinghaus et al. 2003). In addition to hepatitis 
B, DNA vaccine against Hantaan virus and 
Puumala virus was clinically tested in phase I 
clinical trial and derived safe and strong immu-
nity, as observed by the presence of neutralizing 
antibodies, which are the critical correlate of pro-
tective immunity (Boudreau et al. 2012).

30.4	 �Epidermal Powder 
Immunization (EPI)

Epidermal powder immunization (EPI) uses high 
helium gas pressure as a motive power to deliver 
vaccines across the skin like the gene gun method 
(Fig.  30.3). EPI usually delivers powder-
formulated vaccines (Chen et al. 2000), but also 
delivers particle-attaching gene-based vaccines 
or protein vaccines (Chen et al. 2001b, 2002a).

EPI has shown efficacy in various immuniza-
tion studies. When influenza vaccine was deliv-
ered by EPI, EPI derived not only higher humoral 
immune responses such as IgG and hemaggluti-
nation inhibition (HAI) titer but also better pro-
tective immune responses, such as decreased 
lung virus titer and increased survival rate than 

those in comparative subcutaneous injection 
(Chen et al. 2000). Chen et al. also found that EPI 
could induce mucosal immunity compared with 
that in subcutaneous injection (Chen et al. 2001a). 
A synthetic oligodeoxynucleotide containing 
immunostimulatory CpG motifs (CpG DNA), 
non-toxic B subunit of cholera toxin (CTB), E. 
coli heat-labile toxin mutant protein (LTR), and 
QS-21 were delivered by EPI and evaluated as 
adjuvants for influenza vaccine in mouse models 
(Chen et al. 2001a, 2002b, 2003). EPI was also 
tested in a monkey model in a study which dem-
onstrated that EPI was an efficient immunization 
tool for nonhuman primates (Chen et al. 2003). A 
phase I human clinical trial was carried out to 
evaluate the efficacy of powdered influenza vac-
cines delivered by the EPI immunization method 
(Dean and Chen 2004). When compared with 
intramuscular injection control, EPI derived 
equivalent or better immunity in seroconversion 
and geometric mean titers (Dean and Chen 2004). 
Regarding safety issues, EPI was found to be a 
safe immunization method based on both sys-
temic and local reactogenicity (Dean and Chen 
2004). Chen et al. conducted a mechanism study 
to characterize the reason behind the superior 
immunity that EPI displays over other methods, 
such as IM or SC. They found that Langerhans 
cells and cytokines from epidermal cells played 
critical roles in induction of immunity. When the 
LTR72 adjuvant was delivered together with 
influenza vaccine by EPI, the adjuvant bound to 
the keratinocytes of epidermis and resulted in 

Nozzle Vaccine cassette
Actuation button

Helium microcylinderSilencer

Fig. 30.3  Epidermal powder immunization device (This figure was modified and redrawn from following reference 
(Chen et al. 2000; Dean and Chen 2004))

30  Skin Vaccination Methods: Gene Gun, Jet Injector, Tattoo Vaccine, and Microneedle



490

increasing levels of cytokines such as tumor 
necrosis factor alpha (TNF- α) and interleukin-12 
(IL-12) (Chen et al. 2004).

In addition to influenza vaccines, other types 
of vaccines were tested by the aid of EPI. In the 
human immunodeficiency virus (HIV) vaccine 
study, EPI derived antibody responses that were 
2 or 3 orders of magnitudes higher than compar-
ative IM control. It was argued that EPI can 
facilitate target delivery into Langerhans cells 
(LC) and stimulate LC migration. In this study, 
the vaccine was a recombinant protein type 
attached on sugar or gold particle, instead of the 
powder form of the vaccine itself (Chen et  al. 
2002a). The targeting of LC by EPI was 
described in a review article in detail (Chen and 
Payne 2002). Equine herpesvirus-1 vaccine was 
also tested in a mouse model using the EPI 
delivery tool (Kondo et al. 2004).

Air-dried powder form of hepatitis B surface 
antigen (HBsAg) attached onto gold nanoparti-
cles was delivered by EPI (Chen et  al. 2001b; 
Osorio et al. 2003). When air-dried powder vac-
cine was delivered, an immune response similar 
to that stimulated by alum-adjuvanted IM control 
occurred, but when powder vaccine was co-
delivered with CpG DNA adjuvant, an antibody 
response with a couple order of magnitudes 
higher was produced (Osorio et al. 2003).

For effective EPI, optimized vaccine formula-
tion was investigated. In this study, spray coating 
method was suggested for vaccine formulation 

because the powder form of vaccine should have 
the following physical characteristics: (1) small 
size (less than 70  μm) of powder for avoiding 
injury, (2) narrow particle-sized distribution for 
uniform acceleration, (3) high density (higher 
than 1  g/mL) for efficient acceleration by high 
pressed gas, and (4) maintenance of physical sta-
bility (Maa et al. 2004).

30.5	 �Jet Injector

A jet injector is a needle-free injecting medical 
device that uses a high-pressurized narrow stream 
liquid to penetrate across the skin barrier and has 
been used to deliver various macromolecules 
such as vaccines (Fig.  30.4) (Mitragotri 2006). 
This vaccination tool with reusable nozzles was 
applied successfully globally in the latter half of 
the twentieth century, and it had significant side 
effects, such as the risk of disease transmission 
due to cross contamination. Therefore, newly 
designed tools have been developed that incorpo-
rates more of the advanced technologies of the 
recent era (Weniger and Papania 2008).

Historically, jet injectors were used in the small-
pox eradication program worldwide in the late 
1960s (Foege et al. 1971). In addition to smallpox, 
jet injectors were used for preventing rabies 
(Bernard et  al. 1987), influenza (Jackson et  al. 
2001), malaria (Aguiar et  al. 2001), hepatitis A 
(Williams et al. 2000), hepatitis B (Ren et al. 2002), 

Extended tip
Lower seal Upper seal

Main seal

Body of jet injector

Hinge screw

Lever spring

Cocking lever Release button

Main spring
Shaft

Finger rests

Top sealAllen screw
Sheath

Ball valve
Orifice

Fill chamber
(pyrex)

Bottom seal

Fig. 30.4  Jet injector device (This figure was modified and redrawn from following reference (Sadowski et al. 2003; 
Nelson et al. 2004) and webpage (http://www.ameditech.com/medinfo/jet.html))
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BCG (Parker 1984), measles (Kok et  al. 1983), 
tick-borne encephalitis virus (TBEV) (Omori-
Urabe et  al. 2011), and many other diseases. In 
most of these cases, jet injectors showed superior 
immunity over IM injection that required the use of 
syringes and needles.

Recently, jet injectors have been actively 
investigated for the delivery of various DNA vac-
cines for several diseases. Influenza DNA vaccines 
were administered by jet injectors into different 
animal models including mouse, monkey, and pig 
(Haensler et al. 1999; Gorres et al. 2011). In these 
studies, jet injectors consistently showed better 
humoral and cellular immune responses than IM 
injection. Interestingly, jet injectors were com-
pared with not only IM injection but also the gene 
gun delivery method in the hepatitis B disease 
model (Ren et al. 2002). In this study, gene gun 
showed better gene expression than jet injectors, 
whereas the immune response was equivalent. 
Therefore, jet injectors were suggested as a sim-
pler DNA immunization method over gene gun. In 
the malaria disease model, jet injectors demon-
strated advanced immunity over IM injection for 
DNA vaccine delivery (Aguiar et al. 2001). While 
most jet injecting studies targeted the skin as the 
site of administration, the vaginal mucosa has 
been targeted for injecting DNA vaccines 
(Kanazawa et  al. 2010). In this study, a marker 
DNA (luciferase expressing cDNA fragment) and 
a model DNA vaccine (pDNA-encoding ovalbu-
min (OVA)) were delivered through vaginal 
mucosa by jet injector, and improved marker gene 
expression and better mucosal antibody response 
were observed compared to conventional needle 
syringe injection.

As mentioned above, jet injectors have been 
widely used in the prevention of various diseases. 
Numerous clinical studies documented the safety, 
tolerability, and immunogenicity of inactivated 
virus vaccines against influenza that were deliv-
ered using jet injectors (Jackson et  al. 2001; 
Simon et al. 2011). Although there were no seri-
ous adverse events or local reactions, it was 
reported that jet injectors caused higher pain 
compared with IM injection. In case of immuno-
genicity, jet injectors induced an equivalent 
immune response compared to needle syringe 

administration. Similarly, the malaria disease 
model was assessed in a clinical study for safety, 
tolerability, and immunogenicity and showed 
similar results with those of influenza studies 
(Epstein et al. 2002).

WHO Global Polio Eradication Initiative has 
expressed high interest in the jet injector method 
as an alternative for oral delivery of poliovirus 
vaccine (Kim et  al. 2012b). Even though the 
effective immune response that could be stimu-
lated by jet injectors is still beyond reach of 
expectations, many clinical studies are underway 
to eradicate poliovirus disease from earth 
(Epstein et al. 2002).

Most of the mechanism studies regarding jet 
penetration into the skin have been carried out by 
Mitragotri’s group. They found that the penetra-
tion of liquid jet into the skin was strongly depen-
dent on jet diameter and jet velocity. Working 
with an in vitro porcine skin model, this group 
suggested that the optimum values of diameter 
and velocity were 152 μm and 150 m/s, respec-
tively (Schramm and Mitragotri 2002). More 
studies focused on the delivery profile in different 
models, including human skin (Schramm-Baxter 
and Mitragotri 2004; Baxter and Mitragotri 2005; 
Shergold et al. 2006) and skin-mimicking mate-
rial such as polyacrylamide gels (Schramm-
Baxter et  al. 2004; Schramm-Baxter and 
Mitragotri 2004) or silicone rubber (Shergold 
et al. 2006). In a human skin model, the distribu-
tion of delivered model drug by jet injector was 
visualized in a cross-sectional view analysis. In 
this analysis, it was found that the depth of jet 
stream penetration increased with nozzle diame-
ter, and the shape and depth of jet injection 
depended on jet exit velocity (Schramm-Baxter 
and Mitragotri 2004). The penetrating depth into 
the skin was predicted by theoretical analysis and 
was verified with skin-mimicking polyacryl-
amide gels (Baxter and Mitragotri 2005). In 
advanced studies, in order to achieve shallow 
penetration of jet stream, a pulsed injector system 
“microjet” was developed (Arora et  al. 2007). 
Compared to the conventional jet injector, micro-
jet can deliver vaccines into the shallow epider-
mis region, which is replete with Langerhans’ 
cells (critical skin antigen-presenting cell). 
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Therefore, microjet can derive effective immune 
response and can be considered as a promising 
skin vaccination device. In addition, microjet can 
deliver extremely small volumes of drugs across 
the skin, so that pain can be reduced and precise 
delivery can be achieved.

For improved pulsed injecting module, the 
dynamic control of jet velocity during injection 
pulse was investigated (Stachowiak et al. 2009). 
In this study, high speed of jet stream was applied 
to define the depth of delivery, and lower speed 
was followed to define drug dose, preventing 
splash back effect. Microparticles were also deliv-
ered by a jet injecting device, and shallow deliv-
ery into skin was also obtained by particle 
delivery. Particle delivery was controlled by par-
ticle diameter, standoff distance of the nozzle 
from the skin, injection volume, and concentra-
tion of particles (Michinaka and Mitragotri 2011).

30.6	 �Tattoo Vaccination

Tattoo guns use high-frequency oscillating nee-
dles to make thousands of punctures in the skin, 
which is conventionally used to deposit tattoo ink 
in the dermis, but has been adapted to deliver ID 
vaccines (Fig. 30.1) (Chiu et al. 2012). One of the 
major advantages presented by tattoo vaccination 
is the fact that this method, unlike intradermal 
injection, divides a particular dose of vaccine into 
smaller subportions to be evenly injected into a 
larger area of the skin. The result is that the vac-
cine administration is likely to stimulate more 
antigen-presenting cells in the upper layers of the 
dermis and the epidermis while conferring the 
benefit of vaccine-specific cellular and humoral 
immune responses (Potthoff et al. 2009). In one 
study, hemagglutinin-expressing DNA vaccine 
was administered to pigs and derived humoral and 
protective immunity, as shown by methods includ-
ing hemagglutination inhibition (HAI) titer and 
improved virus clearance from nasal swabbing 
(Eriksson et al. 1998). To overcome the slow pro-
cessing of an immune response induced by DNA 
vaccination, DNA tattooing was suggested for 
short-interval DNA vaccination (Bins et al. 2005). 
Based on the observation that tattoo immuniza-

tion resulted in only transient antigen expression 
that disappeared after 4 days, it was postulated 
that repetitive application of DNA in between 
short intervals could boost the absolute amount of 
antigen and induce faster vaccine-specific T-cell 
responses. Hence, a new protocol of 0-, 3-, and 
6-day scheme was proposed, as compared to the 
former standard of three immunizations at 2-week 
intervals. In this study, it was shown that short-
interval ID DNA tattoo immunization generated 
fast and stable T-cell responses to human papillo-
mavirus and complete protection from influenza 
virus challenge. When compared to the IM route, 
DNA tattoo vaccination elicited much stronger 
and quicker humoral and cellular immune 
responses. Moreover, the local trauma that is 
caused by insertion of numerous tattoo needles at 
the site of application has been related to an acute 
inflammatory phase that attracts leukocytes, 
which are involved in cytokine and growth factor 
release (Gopee et  al. 2005). Thus, it was postu-
lated that such ensuing inrush of pro-inflamma-
tory cytokines in the vicinity of application was 
responsible for the prominent immunogenicity 
conferred by tattooing technique. In addition, 
studies indicated that even IM immunization in 
combination with the adjuvants cardiotoxin and 
granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) was inferior to DNA tattoo immu-
nization alone (Pokorna et  al. 2009). More 
importantly, it was demonstrated that while car-
diotoxin pretreatment or GM-CSF delivery clearly 
improved the immunogenicity of IM immuniza-
tion, the adjuvants had no boosting effect on that 
of intradermal tattoo vaccination. Hence, it was 
proposed that the tattooing technique itself par-
tially substitutes for the function of adjuvants. 
Furthermore, to determine the effect of the tattoo-
ing process on DNA vaccine stability, the DNA 
topology change was evaluated, including critical 
factors for antigen expression and immune 
response (Quaak et  al. 2009). It is known that 
gene transfer methods such as jet injection or 
electroporation cause a greater shear stress to 
plasmid DNA than classical needle injection. 
Such processes result in degradation of plasmid 
DNA and cause topological conversion into open 
circular or linear forms, which exhibit lower 
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transfection efficiency than their intact super-
coiled counterpart. Nevertheless, in this study, it 
was found that the DNA tattooing tool had negli-
gible effect on DNA structure and activity. Other 
vaccines including an adenoviral vector vaccine 
against respiratory syncytial virus (Potthoff et al. 
2009) and a peptide vaccine against human papil-
lomavirus (Pokorna et  al. 2009) were adminis-
trated by ID tattooing. In the case of the adenoviral 
vector vaccine, tattooing showed similar perfor-
mance to ID injection, without notably enhanced 
efficacy of DNA transfection or improved immu-
nogenicity as when tattooing was compared to IM 
vaccination. On the other hand, tattooing of the 
peptide vaccine with CpG motif adjuvant showed 
better response than IM vaccination with 
adjuvant.

DNA tattooing was evaluated in nonhuman 
primates, which have previously shown poor 
DNA vaccine immunization effect on account of 
the “simian barrier,” which relates to the factors 
responsible for the observed discrepancy between 
the high efficacy of DNA vaccines in murine 
models but not in nonhuman primates and 
humans. Exploiting DNA tattooing for delivery 
of HIV vaccines in rhesus macaques showed 
remarkable enhancement of immune response, as 
much as 10- to 100-fold increase in vaccine-
specific T-cell responses as compared to when 
immunized by IM method (Verstrepen et  al. 
2008). In order to advance this technique to 
human clinical trials, a human ex vivo skin model 
was tested, which showed that DNA concentra-
tion was the most critical factor for effective 
DNA vaccination by tattooing (van den Berg 
et  al. 2009). A human clinical trial for treating 
melanoma by DNA tattooing is being planned for 
future studies (Quaak et al. 2008).

30.7	 �Vaccination Using 
Microneedles

Microneedles (MNs) are micron-sized nee-
dles which can be classified into mainly four 
groups depending on their topography as solid 
MNs (SMNs), hollow MNs (HMNs), coated 
MNs (CMNs), and dissolving MNs (DMNs), 

respectively (Kim et  al. 2009, 2010a, b, c, d; 
2011, 2012c, 2013, 2014; Quan et al. 2010).

SMNs have been pretreated to make pores for 
the delivery of diphtheria toxoid adjuvanted with 
cholera toxin which was able to induce immune 
response with that of a subcutaneous vaccination 
(Ding et al. 2009a, b). A similar approach for the 
delivery of the influenza vaccine boosted immune 
response when combined with cholera toxin as 
an adjuvant (Ding et  al. 2009b). Further efforts 
have been done to have improved immune 
response with diphtheria toxoid antigen with cat-
ionic liposome and anionic surfactant-based ves-
icles (Ding et al. 2009a). The chemically modified 
antigen with particulated materials has been 
found to be immunogenic with excellent delivery 
efficiency. Ovalbumin-conjugated solid lipid 
nanoparticles (SLP-NPs) were also delivered 
transdermally by pretreatment with a roller-type 
MN that showed higher delivery efficiency com-
pared to the antigen application alone (Kumar 
et al. 2011). Similarly blunt-tip MNs were used 
for the delivery of hepatitis B-DNA vaccine 
(Mikszta et al. 2002), recombinant anthrax vac-
cine (Mikszta et  al. 2005), attenuated Japanese 
encephalitis vaccine (Dean et  al. 2005), and 
rabies vaccine in human tissues (Laurent et  al. 
2010). When the efficiency of each vaccination 
was compared to subcutaneous injection, their 
effectiveness was lower than that of the subcuta-
neously injected groups because of inefficient 
delivery through topical formulations.

Since most SMNs have some limitation such 
as vaccine loss and low delivery efficiency, scien-
tists have come up with HMNs. HMNs are spe-
cifically used for fluid or liquid formulations. The 
therapeutic formulation can flow through the 
HMNs with a pressure-driven external force. 
Since the flow rate can easily be controlled 
through the external pressure, slow infusion and 
time-varying delivery rate are possible (Yuen and 
Liu 2015). The injectable liquid formulation 
enables simplified injection procedures. The 
major disadvantages are low drug stability, shelf 
life, and less patient convenience unlike SMNs, 
CMNs, and DMNs. The initial reports on HMNs 
were for vaccine delivery for influenza vaccina-
tion in rat skin, showing 100-fold dose-sparing 
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effect by using inactivated virus vaccine and a 
fivefold sparing effect via DNA vaccine com-
pared to intramuscular delivery (Alarcon et  al. 
2007). The anthrax recombinant protective anti-
gen was also delivered by intradermal injection 
using HMNs which could generate similar 
immune response in both mice and rabbits 
(Mikszta et al. 2005). An anthrax vaccination was 
able to induce full protection in an immunized 
rabbit group, and a 50-fold dose-sparing effect 
was observed compared to the intramuscular track 
(Mikszta et al. 2006). Except for influenza vacci-
nation with a HMN, various types of vaccines 
have been used in intradermal immunization such 
as Japanese encephalitis in primates (Dean et al. 
2005), plague F1-V vaccine in mice (Huang et al. 
2009b), and a mixed type of vaccine, which con-
sists of anthrax, botulism, plague, and staphylo-
coccal toxins in rhesus macaques (Morefield et al. 
2008). HMN-based vaccination system for influ-
enza vaccine was used in a human clinical trial 
showing a similar immune response as a decreased 
dose (6 μg) compared to 15 μg full dose of a pro-
tein-based influenza vaccine in 10–60-year-old 
groups, but showing low immunogenicity in older 
patients (Belshe 2004). Proper dose of the HMN 
intradermal injection was confirmed as 9  μg in 
non-elderly adults. For healthy adults, when 9 μg 
of influenza vaccine was delivered by intradermal 
injection, it showed an inferior result in a phase II 
clinical trial compared to the intramuscular injec-
tion group with a full dosage of 15 μg (Leroux-
Roels et al. 2008; Beran et al. 2009). Except for 
non-elderly immunized adults, an elderly group 
was vaccinated with 15 μg full dose intradermally 
showing a higher immunogenicity compared to 
the same dose group vaccinated intramuscularly 
in phase II and III clinical trials (Holland et  al. 
2008; Arnou et al. 2009).

Coated microneedles (CMNs) have been 
widely explored as an alternative MN technique. 
Development in coating formulation makes it 
possible to have wide variety of CMNs applica-
tion in the biomedical filed. An attractive target 
for vaccine delivery is the skin. Recent studies 
have proved an improved immune responses after 
transdermal delivery of inactivated influenza 
virus with MN patches (Kim et al. 2009). It has 
been reported that immunization with a licensed 

influenza subunit vaccine CMNs can activate 
both the humoral and cellular arms of the immune 
response with improved long-term protection in a 
mouse model than the conventional systemic 
route of delivery (Koutsonanos et al. 2012).

An antigenic determinant amyloid beta mono-
mer (Aβ1–42) DNA vaccine was loaded into a 
heparin-/albumin-based pH-responsive polyelec-
trolyte multilayer assembly on a polycarbonate 
MN, pre-coated with polydopamine, for rapid 
release of DNA vaccine into the skin (Kim et al. 
2014). Similarly, Kim et al. reported the impor-
tance of avoiding annual revaccination against 
influenza with a co-immunization strategy for a 
highly protective vaccine that helps in cross-pro-
tection against multiple strains of influenza. It 
consists of MN patch to co-immunize with the A/
PR8 influenza hemagglutinin DNA and A/PR8-
inactivated virus vaccine. In mice models, this 
co-immunization approach showed better anti-
body responses against A/PR8 influenza and 
robust heterologous antibody responses against 
pandemic 2009 H1N1 influenza (Kim et  al. 
2013).

Weldon et al. described the effect of adjuvants 
on CMNs by exploring TLR ligands as adjuvant 
transdermal delivery of influenza subunit vac-
cine (Weldon et  al. 2012). Simian adenovirus 
serotype 63 and poxvirus modified vaccinia 
Ankara viral vectors mixed with trehalose and 
sucrose stabilizers and dry-coated on Nanopatch 
microprojections could maintain their activity 
with minimum loss at 37  °C (which mimics a 
high-temperature environment). They also stim-
ulated the CD8+ T-cell response which was 
comparable to intradermal injection after prime 
immunization (Pearson et al. 2013). These stud-
ies support new development of microprojection 
patches for the deployment of live vaccines in 
hot climates. Influenza virus-like particles (VLP) 
with MNs induced a prolonged humoral immu-
nity for 1 year, antibody-secreting cells, and 
complete protection after 14 months from a sin-
gle immunization (Quan et al. 2013). Chitosan/
ovalbumin when mounted on PVP-coated-
poly(l-lactide-co-d, l-lactide) (PLA) supporting 
array to overcome the limitations of CMNs, it 
showed sustained immune stimulation and 
enhanced immunogenicity in the skin compared 
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with intramuscular injection due to the depot 
effect (Chen et al. 2013).

Dissolving MNs (DMNs) have also been uti-
lized to deliver vaccines transdermally. Unlike 
other MN approaches, DMNs can be molded into 
a desired shape and dissolve and release the pay-
load without causing any adverse effects within 
the skin layers (Sullivan et al. 2010; Hirobe et al. 
2015). Matsuo et al. developed hyaluronate hydro-
gel patch-based TCI system-induced immune 
responses against soluble antigens (Ags) like tox-
oids without any immune responses against par-
ticulate Ags (Matsuo et  al. 2012b). Similarly, 
Matsuo et al. reported a DMN patch (MicroHyala, 
MH) based on HA that showed potential immune 
responses with different antigens in a mouse 
model. The study showed the clinical safety and 
efficacy of a novel transcutaneous influenza vac-
cine using MH (flu-MH) containing trivalent influ-
enza hemagglutinins. Similarly, this group 
reported various types of vaccines, such as tetanus 
and diphtheria, malaria, and influenza vaccines 
loaded in a dissolving MN made of MicroHyala. 
They showed that tetanus toxoid and diphtheria 
toxoid and malaria (Plasmodium falciparum ser-
ine repeat antigen 5, SE36) administered by trans-
cutaneous immunization achieved comparable 
immunogenicity and protection to subcutaneous 
injection in a mouse and rat model. In the case of 
influenza hemagglutinin, the DMN induced a sim-
ilar humoral immune response to intramuscular 
and intradermal injections with an adjuvant (alum) 
and a stronger response than intranasal injections 
with an adjuvant (cholera toxin) (Matsuo et  al. 
2012a). The in  vivo studies in mice on DMN 
administration better showed immunogenicity 
against monovalent H1N1 at doses 0.1 and 1 μg 
and the trivalent vaccine at a dose of 1 μg, confirm-
ing their use as delivery of influenza vaccine. A 
cell culture-based seasonal trivalent influenza vac-
cine was included in the tips of DMNs (VaxMat) 
with trehalose and CMC (Kommareddy et  al. 
2012).

�Conclusion

Many innovative intradermal delivery methods 
have been developed and investigated through-
out the past decade. Currently established 
research indicates that these methods possess 

several advantages over the conventional intra-
muscular route, including higher immunologi-
cal response, drug dose sparing, and observed 
reduction in pain that can possibly improve 
patient compliance. Further evaluation regard-
ing safety, tolerability, and efficacy issues in 
human clinical trials will open up possibilities 
for the induction of these new delivery meth-
ods into actual medical practice.
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