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Chapter 1

Developing Practices for Safe Handling

of Nanoparticlesand Nanomaterials

in a Development-Stage Enterprise: A Practical
Guide for Research and Development
Organizations

Robert A. Hoerr, Anand Gupta, and Michael J. M atuszewski

Abstract There is a need for well thought-out procedures to be developed for
synthesizing nanomaterials for associated industries. In academia, where the quan-
tity involved for these nanomaterials is usually small, with limited exposure poten-
tial, relative risk is likely unquantifiable. We have generated various protocols with
different developmental phases in our industry. These steps involve aerosol monitor-
ing, efficient filters, and enclosures. These guidelines could be utilized by numerous
start-ups and scaling-up nanomaterials associated industries.
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1.1 Introduction

With the explosion in nanotechnology research across many fields, a large hum-
ber of early stage ventures are participating in the development of novel, nanoscale
materials. At the earliest stages of development, very little may be known about
the properties of materials that are being used or generated during research. Per-
sonnel involved may be graduate students or technicians with limited training in
safe laboratory practices. Quantities of materials tend to be small at this stage, with
limited exposure potential, but as development proceeds, scale-up of production fol-
lows and creates new levels and types of exposure. Resources for evaluating safety
of novel materials are typically limited in development stage settings; thus, while
exposure levels may be low, the relative risk of the materials is likely unquantifi-
able. This argues for well thought-out procedures to be developed in advance of
working with nanoscale materials and regular monitoring of the work environment
as a development program proceeds. This chapter summarizes the authors’ expe-
riences in a start-up company that is developing a university-licensed nanoparticle
production technology and provides more general guidance that may be useful in
developing safe handling practices for working with these novel materials in aca-
demic laboratories as well as in early stage companies working with these novel
materials.

Nanoparticles are defined as small-scale substances (<100 nm) with unique
properties while nanomaterials are defined as a diverse class of small-scale
(<100 nm) substances formed by molecular-level engineering to achieve unique
mechanical, optical, electrical, and magnetic properties (Tsuji et al. 2006).

1.2 ElectroNanospray™ Generated Nanomaterials

The ElectroNanospray™ process for generating nanoparticles was invented at the
University of Minnesota by Doctors Chen and Pui (Chen and Pui 1997, 2000). By
passing solutions or suspensions of compounds through a novel co-axial capillary
spray nozzle and exposing the nozzle to high voltages (typically 3-10 kV), a high
velocity spray stream of highly charged nanoparticles is generated. The nanopar-
ticles may be simple or complex, including core-shell structures, and they may be
captured on a surface to create a nanostructured film. Particle size is controlled
by flow rate, voltage, and conductivity of the sprayed solution, but the size may
range from 10-300 nm. The particles are generated and form an aerosol stream,
but because they are charged and flow within the electric field, they tend to be cap-
tured as they travel to a grounded substrate or an alternate charged surface. Par-
ticles can also be neutralized by ionizing sources and maintained in the aerosol
stream.

The technology has broad applications and is being used for a variety of purposes
and with a wide range of materials. Examples include:
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Coating coronary stents with drug and drug-eluting polymer
Nanoformulating poorly water-soluble drugs with excipients to promote better
water solubility or suspendability

e Transfecting cultured cells with DNA

e Aerosolizing nanoparticles for pulmonary delivery in animal nanotoxicology
studies.

As a result, the types of materials being used with the ElectroNanospray™ pro-
cess are quite diverse. They range from small organic molecules (pharmaceutical
agents like the steroid dexamethasone, the calcium channel blocker nifedipine, and
the anticonvulsant carbamazapine) to biomolecules (peptides, proteins, and DNA),
as well as more exotic materials like carbon nanofibers and quantum dots.

The possibilities for workplace exposure come at multiple points: from the time
raw materials and chemicals are sourced from a vendor and taken into inventory,
when first material solutions are prepared, during spray operations, and during mate-
rial characterization that is accomplished either by imaging or chemical analysis. For
example, the use of High Performance Liquid Chromatography (HPLC) has been
shown to provide excellent data on the concentration of <200 nm particles obtained
during the ElectroNanospray™ process. The sites of exposure include storage con-
tainers, fume hoods, benchtops, spray equipment, and samples. The routes of expo-
sure are topical, via the skin, eyes or mucous membranes, inhalation, via the lung,
and oral, via inadvertent ingestion or contact of hands or clothing with the mouth.
While this seems very logical, designing a workplace setting where these are mini-
mized is a challenge, in part, because the amounts of material in the immediate work
environment are very small and difficult to detect in routine monitoring studies.

For purposes of process development and validation, we have worked when-
ever possible with model compounds for which a significant amount of information
related to safety and potential toxicology is known. For example, while developing
model drug-eluting coatings for coronary stents based on a new polymer system, we
selected drugs that were well characterized and for which significant information
existed in the published scientific literature. We began with a steroid, dexametha-
sone, and only after understanding how this behaved in our system did we move to
working with more potent drugs like paclitaxel, which is known to affect cell prolif-
eration and is commonly used as a breast cancer treatment. Both drugs are approved
pharmaceutical agents and their pharmacology and toxicology is well understood.
Routine assays exist for their analysis, meaning that a method is available for quan-
tifying the amount of material found at various points throughout the spray work
cycle. We limit exposure by making sure that the amounts of material that we work
with at any one time are well below the level of a single human dose.

At times, this is not possible because the compound of interest is a new molecule
with significant clinical use potential but no toxicology data. In this case, the need
for precaution is the highest because there is insufficient information to gauge
the risk of exposure. This is akin to the use of universal precautions against HIV
exposure, where every individual and biological material is assumed to be infected
and exposure is minimized at each encounter by appropriate protective equipment
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and clothing as well as proper handling and disposal of syringes, needles, and other
material that has been in contact with the individual or material.

1.2.1 Decision Algorithm for Working with New Materials

When introducing a new material, especially a nanomaterial, into the laboratory, a
few things must be considered. First, what are the properties of the new material?
This would include physical, chemical, and toxicological properties. If this infor-
mation is known, how should it be handled? Unless a standard operating procedure
is already in place for handling these new materials, the material safety data sheet is
a good place to obtain pertinent information for proper handling. If the properties of
the material are unknown, then it would be advisable to take every available precau-
tion until enough information has been gathered to produce an acceptable operating
procedure. The decision algorithm we have developed for handling nanomaterials is
shown in Fig. 1.1.

Guidelines for Safe Handling
Nanomaterials in the Industrial R&D Setting

No Is the material
Assume the worst known?
Properties?

Handling procedure

MSDS Established

Personal protective
equipment (extreme)

Handling (extreme)

Acquire data on
material

Cleanliness and
waste handling
(extreme)

Generate SOP
and/or MSDS

available

SOP

Personal protective
equipment
requirements

Personal protective
equipment
requirements

Handling practices

Handling practices

Cleanliness and
waste handling

Cleanliness and
waste handling

Fig. 1.1 Guidelines for safe handling of nanomaterials in the industrial research and development

setting
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1.3 Evolving Safe Handling Practices

As our R&D program has developed, we have instituted a variety of modifications
in our ElectroNanospray nanoparticle production system. The original device was
very simple with an exposed spray nozzle directed toward a flat target. It has evolved
to a sophisticated system with multiple controls and containment features. Many of
the design aspects have been driven by our desire to ensure safe material handling
and containment of an airborne stream of nanoparticles. Table 1.1 summarizes the
phases of design evolution and the related safety issues that were addressed during
each phase.

Table 1.1 A case study of the evolution of safety features designed in a nanoparticles production
system: from the research laboratory to a commercial production facility

Phase of design evolution System schematic

Phase I: Open capillary spray
system with a high voltage

power supply that relies on an open
electric field to capture particles prototype
system
—

Phase Il: An enclosed, non-vented
capillary spray system

closed
containment

Phase I11: Moved operation to
vented space vented fume hood ﬁ

N
O

air flow
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Table 1.1 (continued)

Phase of design evolution

System schematic

Phase 1V: Closed chamber
individually vented to external
exhaust

Phase V: Added filtration system to
external exhaust

Phase VI: Modified chamber gas
flow to provide and monitor
maintenance sub-ambient
pressure in order to maximize
particle containment

/)
% air flow

HEPA
filter

@)

Q{) air flow ,ﬁ

O residue
testing sites

O L% air flow :ﬁj
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Table 1.1 (continued)

Phase of design evolution System schematic

Phase VII: Clean room maintain
manufacturing environment; full negative flow controls >
control over gas flow through pressure in
chamber and exhaust vent chamber

system, filtration removal system

HEPA
filter

&(} air flow I:J?

In Phase 1, the particles were produced by a simple electrospray device, consist-
ing of a spray nozzle and platform. Since these particles were charged by the high
voltage power supply, a substrate containing the opposite charge was used for col-
lection. The collection efficiency for this process was close to 90%, as determined
by the weight of material collected.

In order to capture the 10% of the particles, which were escaping the collection
substrate, an enclosure was built around the spraying apparatus in Phase Il. Thus
collection of particles occurred on the interior surfaces and was contained in the
enclosed volume. However, routine opening of the chamber potentially allowed the
particles to escape. Unlike larger particles, the nanoparticles are highly mobile in air
and are not influenced by settling.

As mentioned above, the spray area needs to be vented to avoid any fugitive
particles. In Phase Ill, in order to avoid these fugitive particles, the prototype elec-
trospray system was operated within a vented fume hood. Because this was incon-
venient and restricted the amount of bench space available, the iteration in Phase
IV placed the electrospray operation within a tight enclosure that was continually
purged with a dilutant gas stream and the effluent stream vented directly into the
fume hood system.

While the quantities being sprayed were minimal, this configuration nevertheless
had the potential to release small amounts of nanoparticles into the outer atmosphere
where they have the potential to remain airborne for an extended period of time. In
Phase V, in order to prevent this release, a high efficiency particulate air (HEPA)
filter was added which has a theoretical efficiency approaching 100% for removing
the particles in these size ranges. One way to monitor the efficiency of the filter is
to measure the pre- and post-filter particle concentrations in the air stream using
the condensation particle counter (CPC). The CPC has the capability to monitor
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particle sizes down to 3 nm. Particle levels were at the threshold of detection, so
the next step in Phase VI involved checking for levels of drug residue that may
have become deposited on the surfaces of the system at various points. The levels of
drug residue at various sites were measured by swabbing the surface of the chamber
and exhaust tubing pre- and post-filter using ethanol or other solvents which are
known to dissolve the drug being sprayed. The swab was then rinsed with excess
solvent to collect the drug so that it could be analyzed by high precision analytical
instrumentation such as HPLC. This analysis method provided the pre- and post-
drug concentration measurements which confirmed for those particular experiments
that the filter was operating at 100% efficiency. Periodic monitoring in pre-filter
sites provides a convenient check on cleaning efficiency and potential exposure of
the operator to this material (Hinds 1982).

The filter choice should be made based on its collection efficiency of the parti-
cle in the required size range (Fig. 1.2). Filtration is the most common method of
capturing particles in air media (aerosol) and filters capture particles according to
size. For an aerosol, the mechanisms of particle removal by the filters are diffusion,
interception, inertial impaction, gravitational sedimentation, and sieving. The effi-
ciency can be enhanced by an electrostatic effect. For nanoparticles in air, the major
removable mechanism is diffusion, which affects particles less than 100 nm. As the
particles traverse through the filter, they diffuse from the gas stream by Brownian
motion and attach to the filter fiber. As a result, the particles are removed from the

Nano-sized Particle Percent Penetration Comparison for Four
Fiberglass Filter Papers: U of MN Test (Silver Particles) and
3M Company TSI 8160 (NaCl Particles)* at 10cm/s

100 o
e | [
[ 1 —
P DU ;
10 = T
/ i / ﬁ ~
. ] /
/ ]
c
o -
- / / —B%— Filter A - U of MN Test
B 0.1 / —x— Filter A-TSI8160 || | ||
. P
S [ 4 —— Filter B - U of MN Test
s / —a— Filter B - TSI 8160
° 001 —e— Filter C- U of MN Test
’ X —o— Filterc-Tsl8160 [ | [
< ! —&— Filter D - U of MN Test
/’ —&— Filter D - TSI 8160
0.001 i — T
/ * Research conducted by Center for Filtration Research, University of MN, presented
by S-C. Kim and L. Franklin at 27th CFR Review Meeting, April 2005. Fiberglass filter
paper donated by Hollingsworth and Vose.
0.0001 | | lllllw | | lllll'
1 10 100 1000

Particle Diameter (nm)

Fig. 1.2 Graph showing the filter efficiency of fiberglass filter paper produced by Hollingsworth
and Vose [Graph used with the permission of Dr. David Pui]
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air stream. The factors which affect particle removal are filter properties (thickness,
fiber or pore diameter, diameter uniformity, solid volume fraction, degree or particle
loading and electrostatic charge on the fiber), particle properties (size distribution,
phase of particle (solid or liquid) and electrical charge), and gas conditions (velocity
through the filter, temperature, pressure, and viscosity). The procedure for testing
filter efficiency for nanoparticles is discussed by Kim et al. (2007).

Another important concern focuses on reducing the amount of exposure expe-
rienced by the operator during the electrospray operation. A further refinement to
the system in Phase VI involved establishing and monitoring the presence of slight
negative pressure in the spray chamber such that the interior gas should always flow
away from the operator and into the filter exhaust system. The negative pressure can
be monitored using a pressure gauge. This gauge monitors the pressure differential
between the outside and inside of the chamber to ensure that the inner pressure is
always lower than the outer pressure. This requires balancing the gas stream flow
into and out of the chamber. Due to fluctuations, managing the flow through the
chamber with mass flow controllers provides a convenient and monitorable safe-
guard. Additionally, before the chamber is opened to remove the spray sample, a
dilutant gas is pumped and exhausted through the system for at least 10 volume
exchanges to minimize exposure to the operator. Monitoring the particle concen-
trations can help to establish the number of necessary exchanges. The operator’s
cumulative exposure in the immediate environment of the electrospray system can
also be monitored by personal environmental monitors (PEM) which are commer-
cially available (Fig. 1.3). These monitors are placed near to the inhalation area. The
PEM uses a pump to flow air through the monitor equivalent to the volume of air
consumed during human breathing. This is discussed in more detail later.

With this phase complete, the transition could be made from an early R&D pro-
gram to a mature operating environment with appropriate controls and monitoring
potential. This system can be placed in a clean room production facility with maxi-
mum safeguards for avoiding contamination of the workspace with the nanoparticles
being generated.

Fig. 1.3 Examples of personal environmental monitors: TSI AEROTRAK™ 9000 Nanoparticle
Aerosol Monitor (left), TSI Model AM510 SIDEPAK™ Personal Aerosol Monitor (middle), and
M200 Personal Environmental Monitor from MSP Corporation (right)
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1.4 General Approachesfor Categorizing Risk

Nanoparticle size and shape play an important role in the entry route and overall
toxicity of a nanomaterial. Nanoparticles are produced with two or more dimen-
sions between 1 — and 100 nm, in different shapes such as tubes, spheres, plates,
fullerenes, and needles. The shape of the nanoparticle, in conjunction with the size,
help determine penetration depth, as well as how long the body may require to
remove the particles. Small diameter particles, such as the plates of nanoclays, will
penetrate deeper into the body while larger diameter particles, such as fullerenes,
will not penetrate as deeply. Long fibrous particles, such as single-walled nanotubes,
are more difficult for the body to remove (Kandlikar et al. 2007).

The best example of how size and shape play a role in overall toxicity is asbestos.
The features that make asbestos a hazard are related to individual fiber diameter
(at <3 pm, it can be inhaled into respiratory bronchioles), length (fibers <15 pm
cannot be removed by the macrophages), and its overall resistance to dissolution
(Seaton 2006). Upon entry into the body, the fibers cause an inflammatory reaction
that ultimately leads to fibrosis and carcinogenesis (Mossman et al. 1990).

When considering the appropriate personal protection equipment to use when
performing experiments with a new material, the three most likely routes of entry
into the body must be investigated: inhalation, ingestion, and dermal adsorption.

1.4.1 Inhalation

As was previously discussed for ashestos, nanoparticle size and shape play a role in
the selection of deposition site, as well as, the toxicological effects resulting from
the introduction of nanoparticles into the lungs via inhalation. Although there are
few studies focusing on the inhalation of newer nanoparticles, carbon nanofibers, or
nanotubes, obtaining data on the toxicological effects of these materials is important.

Airborne nanoparticles predominately move by convection and diffusion.
Smaller particles generally deposit in the respiratory tract by diffusion (James et al.
1991). Some recent studies have shown that particle size and shape are not the only
factors that play a role in determining the pulmonary toxicity of nanoparticles. It has
been determined that the factors that have a role in pulmonary toxicity include, but
are not limited to (Tsuji et al. 2006):

particle number and size distribution;

dose of particle to target tissue;

surface treatment on particles;

the degree to which engineered nanoparticles aggregate/agglomerate;

surface charge on particles;

particle shape and/or electrostatic attraction potential; and

method of particle synthesis — i.e., whether formed by gas phase or liquid phase
synthesis and post-synthetic modifications, which likely influence aggregation
behavior.

Nogr~wdE
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Inhalation and ingestion protection is provided by a number of commercially avail-
able respirators. These include particulate dust masks, as well as both half- and
full-face masks. When working with just nanoparticles such as carbon nanofibers
or single-walled carbon nanotubes, a particulate respirator like the P100 dust mask
available from 3 M is a good choice. This respirator carries NIOSH’s highest filtra-
tion efficiency rating. This mask is 99.7% effective against oil and non-oil, certain
dusts, fumes, mists, radionuclides, and asbestos-containing dusts and mists (infor-
mation can be found at www.3m.com).

Most commonly used half-face respirators carry a rating of N95. A list of
N95 respirator distributors can be found at http://www.cdc.gov/niosh/npptl/topics/
respirators/disp_part/n95list1.html. This rating signifies a respirator that filters at
least 95% of airborne particles. This means that they filter out 95% of sodium chlo-
ride particles. Although numerous variations of this filter are available, it has been
found that not all N95 rated filters perform the same. An experiment performed at
the University of Cincinnati using two different commercially available N95 respi-
rators showed that the penetration threshold of 5% established for these respirators
can be exceeded when used against nanoparticles in the size range of ~30-70 nm
(Balazy et al. 2006). Recently, the efficiency of a variety of filter media (four dif-
ferent fiberglass, four different electret, and one nanofiber) was tested using silver
nanoparticles. Using a nano-DMA (differential mobility analyzer), it was found that
all of the filters performed at 99.99% efficiency for particle sizes down to 3 nm
(Kim et al. 2007). Figure 1.4 shows commonly used particulate and half mask
respirators.

1.4.2 Dermal Exposure

With an increase in the use of nanoparticles as additives, for example lotions and
creams that contain nanoscale TiO, and ZnO, it is imperative that an understanding
of the absorption potential of these materials is understood. It has been shown that
nanoparticles in conjunction with motion, such as wrist movement, can penetrate
the stratum corneum of human skin, reaching the epidermis and, occasionally, the
dermis. This work was performed using fluorescent microspheres between 0.5 and
1.0 wm in size (Tinkle et al. 2003).

Fig. 1.4 Examples of a P100
particulate respirator (left)
and an N-95 rated half mask
respirator (right) available
from 3 M Company
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Table 1.2 Comparison of latex versus nitrile gloves

Glove  Advantages Disadvantages Use against
type
Latex  Low cost, good physical Poor vs. oils, greases, Bases, alcohols, dilute
properties, dexterity organics. Frequently water solutions; fair vs.
imported; may be poor aldehydes, ketones, light
quality. May result in irritant protection,
allergic reactions infectious agents
Nitrile  Low cost, excellent Poor vs. benzene, Oils greases, aliphatic
physical properties, methlyene chloride, chemicals, xylene,
dexterity trichloroethlyene, many perchlorethylene,
ketones trichlorethane, fair vs.
toluene

Dermal penetration can be controlled through the use of gloves and laboratory
coats. Wearing a lab coat minimizes the amount of skin surface area available for
airborne nanomaterials. A lab coat will also prohibit the introduction of nano-
materials onto the skin surface that results from skin contact with accidental
spills. Gloves provide a barrier with the hands that also prohibit the introduc-
tion of nanomaterials. The most commonly used gloves are latex and nitrile.
Table 1.2 provides a comparison of latex versus nitrile gloves in areas including
advantages, disadvantages, and the appropriate type of glove to use when work-
ing with specific chemicals (information can be found at http://www.asp.anl.gov/
Safety_and_Training/User_Safety/gloveselection.html).

One of the main concerns when using latex gloves is the possibility of the devel-
opment of allergies. It has been discovered that certain small molecules that are used
in the manufacturing process become irritants that can cause allergic contact der-
matitis (ACD). One example results from the use of 2-mercaptoenzothiazole (MTB)
used to accelerate polymerization during manufacturing. Researchers at the National
Institute for Occupational Safety & Health (NIOSH) in conjunction with Portland
State University in Oregon found that if MTB is oxidized, the resulting disulfide
compound has the potential to trigger an allergic response (Fig. 1.5) (Burks 2007).

Concerns about pinholes and porous channels in either type of glove have not
been borne out in careful studies. While openings occasionally can be detected,
their magnitude is insufficient to provide the potential for significant exposure (e.g.,
Ref: Lancet publication).

N
S . S
@[2 SH oxidant @[2 S/S%SD
N N

Fig. 1.5 The oxidation of MTB forms one of the disulfide components that is believed to help
cause latex allergies
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1.4.3 Ingestion

Ingestion of nanoparticles primarily results from hand-to-mouth contact; however,
relevant research on this type of exposure in the workplace is limited at this time. In
a recent review, Oberddrster et al. (2005) suggest that nanoparticles may enter the
gastrointestinal tract as they are cleared from the upper respiratory tract and that they
appear to pass through relatively quickly. It is uncertain what effects the nanopar-
ticles would have on the digestive tract as they move from the oral cavity into the
acidic gastric environment. It is known that some nanoparticles, specifically nan-
otubes and nanofibers, can undergo surface oxidation and length shortening in the
presence of strong acid conditions, so it is possible that the acidic gastric environ-
ment will not only be unable to destroy the nanoparticles, but it may functionalize
and shorten the particles to a point that their toxicological effect on the surrounding
environment might change drastically.

Minimizing ingestion of nanomaterials can be accomplished by maintaining a
clean work environment, wearing a respirator or particulate mask, and washing
exposed areas such as hands and arms.

1.5 Regulatory Aspects of Working with Nanoparticles

Current regulatory oversight that is specifically directed toward nanoparticles is lim-
ited, primarily addressing nanoparticles when they fall within a specific size range
(as in fine or ultrafine dust particles) or composition, including heavy metals or
some other compound with known toxicity. Materials used in the manufacturing of
nanoparticles, such as solvents, are governed by toxic waste regulations.

For most small companies and university laboratories, encounters with regulatory
bodies will come as a matter of following standard laboratory safety practices, radi-
ation license requirements, and toxic waste handling. For example, our initial reg-
ulatory contact occurred within the setting of a university small business incubator
on the University of Minnesota campus. Because the laboratory was located within
the University environment, the company was required to submit a laboratory safety
plan in accordance with a standard university template. Periodically, unannounced
laboratory visits were made by county hazardous waste officials as well as campus
radiation safety officers. The infrastructure that was supplied within the university
was convenient and required almost no independent policies or procedures to be
created.

Upon our move to an outside facility (the former state crime lab building), we
were fortunate in securing space with fully outfitted laboratory fume hoods, fire
blankets, eye wash stations, and other standard safety equipment. The second regu-
latory contact came shortly after our move in the form of an unscheduled visit by the
county public health department’s hazardous waste division inspector. This was an
informative, helpful meeting in which our laboratory facilities were inspected and
guidelines and practices for managing hazardous waste as well as an application for



14 R.A. Hoerr et al.

the appropriate hazardous waste license were provided. A visit to the county web-
site reveals standard, EPA-conforming practices that are based on the quantity of
hazardous waste generated by the business. Repeat inspector visits have occurred
infrequently, and always unannounced, with inspections related specifically to the
items identified in the initial visit.

1.5.1 Hazardous Waste Management Regulations

Waste generators are classified as very small quantity generators, small quantity
generators, and large quantity generators, as per the following criteria listed in
Table 1.3. We were categorized as a very small quantity generator during our initial
pre-license visit.

The county provides guidelines and requirements for the following hazardous
waste topics, (on the next page) with specific guidance that relates to the quantity of
waste generated.

Table 1.3 Categories of hazardous waste generators as implemented by Public Health Department
in Ramsey County, Minnesota. Hazardous waste information obtained at http://www.co.ramsey.
mn.us/ph/hw/hw_mangement.htm#getting_licensed

Category Criteria

Very Small Quantity Generators (VSQG) o Generates 100 kg or less of waste per month
(less than ¥ drum).

e Can accumulate 1000 kg (or about 4 drums)
on-site. If a generator exceeds this limit, waste
must be managed according to Small Quantity
Generator guidelines.

e Can store less than 1000 kg indefinitely. Once
1000 kg is accumulated, waste must be
shipped off-site within 180 days.

Small Quantity Generator (SQG) e Generates between 100 and 1000 kg of waste
per month (about 1/2 to 4 drums).

e Can accumulate 3000 kg (or about 12 drums)
of waste on-site. If a generator exceeds this
limit, waste must be managed according to
Large Quantity Generator guidelines.

e Waste must be shipped off-site within 180
days after the waste was first placed in the
container.

Large Quantity Generator (LQG) e Generate 1000 kg or more of waste per month
(more than 4 drums)

e No limit on how much waste can be
accumulated on-site.

e Waste must be shipped off-site within 90 days
after the waste was first placed in the
container.
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— Indoor storage

— Outdoor storage

— Labeling of containers

— Labeling for transport

— Criteria for selecting a transport service

— Determining the frequency of pick-up

— Choosing a hazardous waste facility

— Emergency management planning, response and equipment

— Management of spill clean-up and notification requirements

— Personnel training, depending on quantities generated

— Record keeping requirements and recommendations and notification require-
ments.

Setting up conforming hazardous waste management practices is time well spent,
particularly given the unexpected controversy that may develop around the topic of
nanotechnology and the environment or human health and safety. Not all municipal-
ities may have requirements as detailed as those for a large metropolitan area, but
the guidance that is supplied is useful regardless of a company’s location. Not only
complying with local regulations, but also exceeding these requirements, is a good
risk management practice for a start-up.

1.5.2 Evolving Regulations

Existing U.S. regulations do not specifically address nanomaterials. Certain regula-
tions and associated governmental agencies apply, such as those mentioned above
that govern the use and disposal of hazardous bulk materials used in the manu-
facture of nanomaterials or those that govern workplace exposure to airborne fine
particulate matter. These are discussed in more detail in the following sections.

1.5.2.1 EPA/Toxic Substances Control Act

The Toxic Substances Control Act (TSCA) was enacted by Congress in 1976. This
act enables the Environmental Protection Agency (EPA) to track the 75,000 (at that
time) industrial chemicals that were produced or imported into the USA. This also
allows the EPA to implement tracking mechanisms and controls for the thousands
of chemicals produced each year with either unknown or dangerous characteristics
(http:/lwww.epa.gov/Region5/defs/html/tsca/htm). While TSCA does not specifi-
cally apply to nanomaterials, it does provide the EPA with responsibility for eval-
uating “new chemicals” or “significant new uses” of existing chemicals. Assuming
that nanomaterials may fall under the new chemical or significant new use category,
there are reporting requirements and a series of exemptions that may be applied for
by anyone using these types of materials. In October 2006, the EPA initiated an out-
reach program to arrive at an approach for managing nanomaterials, which resulted
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in the publication in July 2007 of the “Concept Paper for the Nanoscale Materials
Stewardship Program under TSCA.”

1.5.2.2 Occupational Safety and Health Administration (OSHA)

Occupational Safety and Health Administration sets enforceable permissible expo-
sure limits (PELS) standards to protect workers against the health effects of exposure
to hazardous substances. For example, in the case of ashestos, employee exposure
must not exceed 0.1 fiber per cubic centimeter (f/cc) of air, averaged over an 8-
hr work shift. Short-term exposure must also be limited to not more than 1 f/cc,
averaged over 30 min. PELs are regulatory limits on the concentration of a sub-
stance in the air. They may also contain a skin designation. PELs are contained in
29 CFR 1910.1000, the air contaminants standard. OSHA standards can be found
at http://www.osha.gov. OSHA PELs are based on an 8-hr time weighted average
(TWA) exposure.

The American Conference of Governmental Industrial Hygienists (ACGIH) has
also provided related non-regulation guidelines for the exposure of employees to air-
borne concentrations of particles and chemical substances. ACGIH uses the thresh-
old limit value (TLV) which is defined as the reasonable level to which a worker
can be exposed day after day without adverse health effects. TLVs (along with bio-
logical exposure indices or BEIs) are published annually by the ACGIH (ACGIH
1986).

The TLV is an estimate based on information gathered from industrial experi-
ence, from experimental human or animal studies of a given chemical substance, and
the reliability and accuracy of the latest sampling and analytical methods. The val-
ues can be adjusted based on new research and can often modify the risk assessment
of substances while new laboratory or instrumental analysis methods can improve
analytical detection limits. The TLV is a recommendation by the ACGIH with only
a guideline status.

The National Institute of Occupational Safety and Health (NIOSH) publishes
recommended exposure limits (RELs) which OSHA takes into consideration when
promulgating new regulatory exposure limits. Also NIOSH is conducting research
on the occupational safety and health implications and applications of nanotech-
nology (information available at www.niosh.gov). In October 2005, NIOSH issued
a draft report entitled “Approaches to Safe Nanotechnology,” which was updated
again in October 2006. This report identified potential health and safety concerns
associated with nanomaterials, risks of exposure in the workplace, approaches for
assessing workplace exposure, and precautionary measures to be employed when
risks are unknown or while they are being quantified.

1.5.2.3 Recent Developments

The regulatory environment is rapidly evolving. The government issued reports
mentioned in this section are recommended reading for individuals working with
nanomaterials. Other U.S. governmental agencies and interagency working groups
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are examining the need for such regulations. For example, the Food and Drug
Administration released a report entitled “Nanotechnology: A Report of the U.S.
Food and Drug Administration Task Force” in July 2007, which identified FDA’s
assessment of the emerging field of nanoscale materials and their interaction with
biological systems. No regulations were proposed in the report, but the FDA offered
guidelines to manufacturers to consider and suggested consultation with the Agency
early in the development of products using nanoscale materials. Interestingly, the
report discussed whether FDA is obligated to consider the environmental impact of
nanoscale materials in an FDA-regulated product, under the National Environmen-
tal Policy Act. Separately, under direction of the National Science and Technology
Council, the interagency Nanotechnology Environmental and Health Implications
Working Group issued a report in August 2007 highlighting the research needs
for considering the environmental, health and safety issues related to engineered
nanoscale materials [Information can be found on the Nanotechnology Environ-
mental and Health Implications Working Group link located in reference section].

Occasionally, due to local concerns, a municipality may enact regulations that
exceed those of state or national agencies. For example, the city council of Berkeley,
California enacted the Hazardous Waste Amendment to the Hazardous Materials
Ordinance in December, 2006, which provides for specific reporting requirements
for manufactured nanoparticles, toxicity information, if available, and handling,
monitoring, containment, and disposal practices (Monica et al. 2007). Notably, in
the Berkeley ordinance there is no lower limit on material quantities that meet the
requirements for disclosure.

Companies are well-advised to follow developments on the local, national,
and international fronts, because proactive management of risk and record-
keeping is always easier than playing catch-up and possibly slowing the pace of
development.

1.6 Conclusions

Establishing a safe environment for working with nanoparticles technology must
necessarily be described as an evolutionary process. Thorough review of the basic
toxicity potential of all reagents and materials at the time they are acquired by a
facility is a first step. Ongoing assessment of the nature of particulate matter that
could be released into the work environment will need to be done on a case spe-
cific basis, using analytical equipment that is either available on site or with regular
monitoring by personal exposure sampling, where samples are analyzed off site.

The regulatory setting is also evolving. Most regulatory agencies in the USA and
in Europe have released position papers that discuss how they are approaching reg-
ulation of nanoparticle technology; how these will be translated into regulations is
not predictable at the present time. Small enterprises are advised to follow these pro-
cesses closely and to comment where their unique expertise may provide valuable
inputs into the regulatory process.
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Chapter 2
Cytotoxicity of Photoactive Nanoparticles

Yuhui Jin and Xiaojun Zhao

Abstract This chapter describes the cytotoxicity of photoactive materials
(specifically, quantum dots, noble metal nanoparticles (including gold and silver),
and fluorescent silica nanoparticles). A thorough representation of in vitro and in
vivo toxicity studies is presented. Since the toxicity on photoactive nanomaterials
described in this chapter has developed rapidly and has attracted a great amount of
interest, it is expected that many novel developments and applications of photoactive
nanomaterials will ensue in the near future.
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Silica NPs:  Silica nanoparticles;
SOPC: Phosphotidylcholine;
SOPS:  Phosphotidylserine;

ZnS:  Zinc sulfide.

Contents

2.1 Introduction
2.2 Quantum Dots
2.2.1 Cytotoxic Effects of Cd QDs
2.2.2 DNA Damage by QDs
2.3 Noble Metal Nanoparticles
2.3.1 Silver Nanoparticles
2.3.2 Gold Nanoparticles
2.4 Fluorescent Silica Nanoparticles
2.4.1 Low Cytotoxicity of Silica Nanoparticles
2.4.2 Protection of DNA from Cleavage
2.5 Summary
References

2.1 Introduction

Photoactive nanomaterials are one of the most important nanomaterials for function-
ing as highly sensitive labeling reagents in various bioapplications (Cao et al. 2001;
Dubertret et al. 2002; Zhao et al. 2003a, 2004; Liang et al. 2005). Current develop-
ments have demonstrated that photoactive nanomaterials provide significant strong
and photostable optical signals reporting the presence of trace amounts of analytes.
In comparison with traditional optical labeling techniques, which usually use flu-
orescent molecules to signal target analytes, the photoactive nanoparticle enhances
detectable signals 10-10000 times (Mirkin et al. 1996). So far, these nanomaterials
have been used in the detection of trace amounts of DNA, mRNA, and proteins (Cao
et al. 2002, 2003; Lagerholm et al. 2004). Most importantly, the photoactive nano-
materials have demonstrated great potential as highly efficient labeling regents for
in vitro and in vivo study of various cells (Michalet et al. 2005; Santra et al. 2005;
Yi et al. 2005).

In the application of photoactive nanomaterials with living cells, a major con-
cern, is whether these nanomaterials would cause toxic effects to living systems.
Recently, some scientists have started working on the cytotoxicity of photoactive
nanomaterials. Although current cytotoxicity studies are at the initial stage, results
are significant for the further development and application of photoactive hanoma-
terials in the biological and biomedical fields.

In this chapter, some recent cytotoxicity studies on several typical photoactive
nanomaterials will be reviewed. These nanomaterials include quantum dots (QDs),
noble metal nanoparticles (gold nanoparticles (Au NPs) and silver nanoparticles
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(Ag NPs)), and fluorescent silica nanoparticles (Silica NPs). Various factors that
affect the cytotoxic properties of nanomaterials will be discussed briefly, such as
the release of metal ions and particle size. Meanwhile, the general strategies of
reducing/eliminating the cytotoxicity of these nanomaterials will be summarized
in this chapter as well.

2.2 Quantum Dots

Quantum dots (QDs) or semiconductor nanocrystals are considered to be one
of the best substitutes for conventional organic fluorescent materials. Currently,
the most widely used QDs are made from cadmium and selenium. The diameter
of the QDs is around several nanometers. Because of their composition and size,
QDs are endowed with certain physically tailorable chemical properties, such as
a tunable fluorescence emission wavelength and a strong resistance against photo-
bleaching. Therefore, QDs have been recruited as fluorescent probes in biological
and biochemical studies.

Although cadmium selenide quantum dots (CdSe QDs) seem to be the next gen-
eration of fluorescent materials for medical uses, their toxicity might be a major
concern. Since cadmium is an acutely toxic heavy metal even at very low concen-
trations, the potential toxicity properties of Cd QDs should be evaluated prior to
their real applications in the field of biomedicine and biology. So far, a few litera-
ture articles have reported the cytotoxic effects and DNA damage of Cd QDs (CdSe
QDs and cadmium telluride (CdTe) QDs). The toxic properties of other heavy metal
QDs, for example, PbS QDs, have not been reported yet. Thus, this chapter will
only focus on the cytotoxicity of cadmium QDs and the major factors that cause
such toxic effects.

2.2.1 Cytotoxic Effects of Cd QDs

2.2.1.1 Release of Cd?* lons

The toxicity of Cd QDs was first studied by Derfus et al. (2004). Primary hepato-
cytes were incubated with CdSe QDs for 24 hrs following a measurement of cell
mitochondrial activity through an MTT viability assay. Severe cytotoxic effects of
CdSe QDs were observed even at a low concentration of 62.5 wg-mL~! of QDs
under certain conditions, such as perturbing the CdSe QDs with UV-light, oxygen
or hydrogen peroxide. The release of free Cd®* ions from CdSe QDs after surface
oxidation was a key reason for their cytotoxicity. The experiments clearly demon-
strated that the extent of cytotoxic effects was correlated with the concentration of
the released Cd?*.

To reduce the cytotoxic effect from the surface oxidation, proper postcoating of
CdSe QDs was an effective solution. In the effort of achieving this goal, zinc sul-
fide (ZnS) and bovine serum albumin (BSA) surface coated CdSe QDs were devel-
oped. The ZnS- and BSA-coated CdSe QDs showed a significant decrease of their
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cytotoxicity, but it was not completely eliminated. Kirchner et al. (2005) further
proved this hypothesis by testing the detachment of NRK fibroblasts from the cell
culture substrate upon incubation of the cells with QDs. They found the stability of
the postcoating shell of the CdSe QDs was crucial to the QDs cytotoxicity. A stable
and well-covered shell reduced the release of Cd?* dramatically. For example, the
ZnS shell of CdSe/ZnS QDs increased the critical concentration (no toxic effects
were observed at this concentration of QDs) by almost a factor of 10. The effect
of a silica shell on the QDs was also investigated. The results demonstrated that a
stable crosslinked silica shell successfully reduced the cytotoxic effects of QDs. Fur-
thermore, as larger polymer compounds were employed for the second postcoating
silica-coated QDs, the toxic effect of QDs became undetectable. At concentrations
of 30 wM of surface atoms of Cd, both polyethylene glycol (PEG) silica-coated
CdSe and CdSe/ZnS QDs showed no toxic effects.

Lovri€ et al. (2005) found a similar cytotoxic effect of CdTe QDs as that of CdSe
QDs. With the hypothesis that free Cd?* ions was a major cause for their cytotoxi-
city, two antioxidants, N-Acetylcysteine (NAC) and Trolox, were employed to pre-
treat P12 cells for 2 hrs. Based on previous studies, NAC and Trolox protected cells
against Cd?* induced cell death. The QD-induced reduction in cell metabolic activ-
ity completely disappeared in the NAC pretreated cells. However, Trolox showed no
improvement regarding the QD-induced cytotoxicity. This result suggested that the
release of free Cd?* ions was one major factor, but not the only cause for cytotoxicty.
Lovric et al. (2005) listed three possible mechanisms that NAC reduced cytotoxic-
ity: (a) Stabilized the QDs in the media by being absorbed onto the QDs’ surface;
(b) Enhanced glutathione (GSH) expression of cells to prevent QD-induced cyto-
toxicity; and (c) Activated key antiapoptotic signal transduction pathways that lead
to transcription of genes involved in cell survival. The stabilization function of the
postcoating method has also been demonstrated in BSA-coated CdTe QDs.

2.2.1.2 Chemical Properties of Surface Molecules

In addition to the release of free Cd?* ions from Cd QDs, some surface-covering
molecules have also contributed to the cytotoxic effects of QDs. Hoshino et al.
(2004) investigated the cytotoxic effects of CdSe/zZnS QDs with different surface-
covering groups using the comet assay, flow cytometry, and the MTT viability
assay. WTKL1 cells and Vero cells were employed as target cells to incubate
with CdSe/ZnS QDs that were coated with mercapto-undecanoic acid (MUA)
(QD-COOH), cysteamine (QD-NHy), or thioglycerol (QD-OH) groups. After 2
hrs of incubation of the cells with the QDs, the MUA-coated QDs (QD-COOH)
showed severe cytotoxicity at doses greater than 100 pg-mL~! of QDs, while the
thioglycerol-coated QDs showed slightly cytotoxic effects to the target cells. These
three groups of QDs, which have the same core composition but different surface
chemical molecules, demonstrated obvious different cytotoxic effects. Based on this
result, Hoshino et al. concluded that the chemical properties of surface-covering
molecules on the QDs affected the toxic effects of QDs significantly.



2 Cytotoxicity of Photoactive Nanoparticles 23

2.2.1.3 Size Effect

The different sizes of QDs have showed different cytotoxic effects. Shiohara et al.
(2004) compared the cytotoxic effects of three different sized QDs: QD520 (green
fluorescence QD), QD570 (yellow fluorescence QD), and QD640 (red fluorescence
QD). QD520, which has the smallest size among the three QDs, showed the highest
extent of cytotoxic effects. The explanation for the size effect was that the mobility
of the QDs inside the cells depends on its size. The small size gave QDs a better
mobility than the larger ones. Thus, the small QDs had more of a chance to contact
cells and further caused a higher extent of cytotoxicity.

The size effect was also observed during a cytotoxicity study of CdTe QDs.
Lovri€ et al. (2005) found the green fluorescence CdTe QDs (2.24+0.1 nm in diam-
eter) exhibited higher cytotoxic effects than the red fluorescence QDs (5.24+0.1 nm
in diameter). The green CdTe QDs formed stable colloids in solution for more than
one month, while the red ones aggregated easily. The actual size of the red fluo-
rescence QDs might be larger than 5.2 nm. Using a fluorescence microscope, the
interaction of the CdTe QDs with cells was monitored in situ. The green fluores-
cence QDs penetrated in the nucleus membranes of N9 cells and remained inside
the nucleus after 1 hr of incubation. At the same conditions, the red fluorescence
QDs stayed in the cytosol, but could not enter the nucleus. Interestingly, when the
green fluorescence QDs were post-coated with macrobiomolecules such as BSA,
these larger sized QDs were not able to enter the nucleus. The results suggested that
the cytotoxicity of QDs was reduced by increasing particles size.

2.2.1.4 Other Effects

The stability of coating ligands on the QDs affected their cytotoxicity. Kirchner
et al. (2005) investigated different compounds coated on CdSe QDs, in which bind-
ing forces between QDs and coating ligands were different. The results showed
that less stable polymer-coated CdSe QDs and CdSe/ZnS QDs had larger cytotoxic
effects than the corresponding mercaptopropionic acid (MPA)-coated QDs. The pre-
vious experiments confirmed that MPA was immobilized in a stable manner onto
CdSe QDs. Thus, to reduce the cytotoxicity of QDs, the improvement of coating
ligand stability on QDs is an effective approach.

In addition, the extent of QD cytotoxicity was related to the type of cell. Shiohara
et al. (2004) tested the cytotoxic effects of MUA-QDs (CdSe QDs) to three cell lines
— Vero cells (African green monkey’s kidney cells), Hela cells, and primary human
hepatocytes. The QDs caused much less damage to Vero cells than the other two
cell lines at the same experimental conditions.

2.2.2 DNA Damage by QDs

It has been reported that some QDs cause DNA damage. Water soluble CdSe/ZnS
QDs damage super-coiled double-stranded DNA through DNA nicking through
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incubation of the QDs with the DNA. The nicking effect resulted in the breaking of
deoxyribose units and the uncoiling of the double strands of DNA. Green and How-
man (2005) discovered this phenomenon using a plasmid nicking assay. Fifty-six
percent of DNA was damaged after 1 hr of incubation with MPA-coated CdSe/ZnS
QDs under UV light. Meanwhile, in the same condition, the control samples without
QDs showed only 5% of DNA damage. Furthermore, when the cell samples were
treated with QDs in the dark (no UV radiation), 29% of DNA strands were dam-
aged after 1 hr of incubation. Green et al. concluded that the obvious DNA damage
was caused by free radicals released during oxidation of QDs. The ESR spectrum
confirmed this hypothesis when comparing the QDs before and after radiation. An
increase of the free radical signals was determined after radiation of QDs indicating
more free radicals were formed by QDs. Thus, the oxidation reaction contributed to
DNA damage when using QDs.

In summary, some QDs have shown significant toxic effects to cells and DNA
strands. These effects might be a significant obstacle for the further applications of
QDs in the field of biomedicine. To reduce the toxic effects of QDs, proper protec-
tions like postcoating QDs should be employed.

2.3 Noble M etal Nanoparticles

Nanostructures made from noble metals, Au or Ag, have been employed as pho-
toactive labels in a variety of biosensing systems. The noble metal NPs have strong,
size-dependent optical properties and UV-visible extinction bands. Thus, different
sized metal NPs give different colors. From this point of view, metal NPs have sim-
ilar properties with QDs with the major exception that their nominal size is much
bigger than QDs. However, compared to QDs, gold and silver nanoparticles have
several advantages, particularly their ease of synthesis and ability to bind to various
target molecules. So far, gold nanoparticles (Au NPs) and silver nanoparticles (Ag
NPs) have been developed and used for a wide variety of ultrasensitive chemical
and biological analyses.

To explore the safety issue of gold and silver nanoparticles, the cytotoxic effects
of silver and gold nanoparticles were studied recently. The effects of dosage, sur-
face molecule properties, and sizes were investigated. The cytotoxic effects of these
noble metal nanoparticles were much less than QDs, but detectable in certain sit-
uations. Some resolutions for the elimination of Au/Ag NPs toxic effects will be
summarized in this section.

2.3.1 Silver Nanoparticles

2.3.1.1 Oxidative Stress

Reactive oxygen species (ROS) damage DNA and RNA strands in cells through par-
ticipation in the cell apoptosis processes. Due to the redox reactive property of noble
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metals, Ag NPs increased the concentration of ROS, and thus caused cell death. This
phenomenon was observed by Hussain et al. (2005). In the concentration range of
5-50 wg-mL~! of silver nanoparticles (Ag NPs), a significant cytotoxic effect of Ag
NPs (15 and 100 nm) was determined using the MTT assay after 24 hrs of incuba-
tion of Ag NPs with BRL 3A rat liver cells. This result was further confirmed by
the membrane leakage of lactate dehydrogenase (LDH) assay for the concentration
range of 10-50 wg-mL~! Ag NPs. To address the cytotoxicity rationale, the ROS
levels in cells were investigated at different time periods. The maximum ROS level
was determined at 6 hrs of treatment of the cells with the Ag NPs. The ROS amounts
were increased by 10 fold in the cells after incubating them with 25 wg-mL=? sil-
ver nanoparticles. After 24 hrs of treating cells with Ag NPs, the mitochondrial
membrane potential (MMP) of these BRL 3A cells significantly decreased (80%),
and GSH was also reduced (70%). Therefore, the oxidative stress was an impor-
tant cause for silver NP induced cytotoxicity. Braydich-Stolle et al. (2005) reported
similar silver NP induced cytotoxicity in mammalian germline stem cells (mouse
C18-4 cells). The Ag NPs reduced mitochondrial function and increased the mem-
brane leakage. However, some mechanisms are still unknown, such as how these Ag
NPs deplete GSH levels and increase ROS concentration.

2.3.1.2 Size Effect

Ag NPs have demonstrated an opposite size effect with QDs. As the size of Ag NPs
decreased, the toxic effect as decreased as well. Hussain et al. (2005) found that the
100 nm Ag NPs exhibited higher cytotoxicity than that of 15 nm Ag nanoparticles.
In the LDH assay, the ECsq (effective concentration) value of 100 nm silver NPs was
2449.25 wg-mL~. The data was much lower than that of the ECsy of 15 nm NPs
(50410.25 pg-mL~1). However, the differences of ECsy values between 15 and
100 nm Ag NPs in the MTT assay were much smaller (100 nm Ag NPs: 19+5.2
wg-mL~%, 15 nm Ag NPs: 2447.25 wg-mL~1). So far, the mechanism of the size
effect is not clear.

2.3.1.3 Other Effects

The cytotoxicity of Ag NPs was slightly different depending on cell lines. Braydich-
Stolle et al. (2005) compared the cytotoxic effects between C18-4 cells and BRL 3A
cells. The LDH ECs, of Ag NPs in C18-4 cells was 0.25 pg-mL~1. In contrast, the
LDH ECsp of Ag NPs in BRL 3A cells was 50 wg-mL~?; therefore, C18-4 cells were
more sensitive than BRL 3A cells to 15 nm Ag NPs. Nevertheless, the treatment
conditions were not identical (C18-4 cells: 48 hrs treatment, BRL 3A cells: 24 hrs
treatment).

Until now, the effect of surface molecules on Ag NPs cytotoxic properties has not
been reported. However, a study of surface molecules on Au NPs has been carried
out as reviewed below. The results provided fundamental information that might be
relevant to Ag NPs as well.



26 Y. Jin and X. Zhao
2.3.2 Gold Nanoparticles

2.3.2.1 Effect of Surface M odification

Pure gold nanoparticles (Au NPs) have little toxic effects due to the nature of
inert elements. However, surface modification of NPs is necessary to obtain certain
properties for nanoparticle applications. The surface molecules give nanoparticles’
additional properties that might result in cytotoxicity of the nanoparticles. Good-
man et al. (2004) compared the toxicity of cationic and anionic functionalized Au
NPs (diameter of core nanoparticles was 2 nm) to Cos-1 cells by determining cell
LCsp values (Lethal Concentration). Results showed that the cationic molecule cov-
ered Au NPs exhibited higher cytotoxic effects than that of the anionic modified
molecules. After incubation of the cells with cationic molecules coated Au NPs for
1 hr, the LCs value of Cos-1 cells reached 1.04+0.5 wM. The LCso value of the
cells incubated with anionic coated Au NPs was greater than 7.37 M after 24 hrs
of incubation. To further confirm the result, red blood cells and Escherichia coli (E.
coli) bacterial cells were tested using the same method. The results were the same as
that of Cos-1 cells. The difference in cytotoxicity between the two coated Au NPs
resulted from the different extent of cell membrane adhesion or cell lysis caused by
the NPs. Due to the negative charges in all cells, the cationic molecule coated NPs
had strong electrostatic attractions with the cells. As a result of this attraction, the
NPs were drawn into the cell membranes. The hypothesis was proved by a vesicle-
disruption assay. Two vesicles, SOPC (phosphotidylcholine) and SOPS (phospho-
tidylserine), were used in the assay. SOPS was an overall negatively charged vesicle
and SOPC was a neutral vesicle. The results showed that the cationic NPs lysed neg-
ative charged SOPS more efficiently than the anionic NPs. Meanwhile, the neutrally
charged SOPC showed a reversed trend for anionic and cationic nanoparticles. The
assay confirmed that different surface charges of Au NPs resulted in different cell
lysing efficiencies.

2.3.2.2 Effectsof Cell Typesand Stability of the Surface Molecules

Cell types and the stability of coating ligands on the NPs also affected the cyto-
toxicity of Au NPs. Goodman et al. (2004) determined the cytotoxicity of Au NPs
towards two types of cells — Cos-1 cells and E coli bacterial cells at the same con-
ditions. The LCs value of Cos-1 cell was 1.0+0.5 wM after 1 hr of incubation with
cationic Au NPs, while the E coli bacterial cells showed a 2- to 3-fold increase in
LCs value. The possible explanation for this difference was that cell wall surround-
ing the E. coli bacterial cells protects the cell against the penetration of NPs. Thus,
a higher concentration of Au NPs was needed to fully rupture the bacterial cells.

The stability of coating ligands on NPs affected its cytotoxicity. As described in
the section of Ag NPs, stable surface ligands reduced NPs toxic effects. Kirchner
et al. (2005) coated Au NPs with an inert polymer. The cytotoxic effects of the Au
NPs with such stable surface ligands were much lower than that of Au NPs.
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2.4 Fluorescent Silica Nanoparticles

Fluorescent nanoparticles provide highly luminescent signals due to the relatively
high quantum vyield of dye molecules doped inside the nanoparticles. Various
organic dye-doped polymer microparticles have been developed (Ito et al. 2001;
Kwon et al. 2002; Zhou et al. 2002). However, so far, little toxicity studies on
this type of nanoparticle have been reported. Silica-based fluorescent nanoparti-
cles have been rapidly developed in recent years. Tan’s group in the University of
Florida has made use of the fluorescent silica nanoparticles for a wide variety of
applications, including the biological field (Zhao et al. 2003b; Wang et al. 2005;
Chang et al. 2005). The fluorescent silica nanoparticle consists of thousands of dye
molecules in a silica matrix. Due to such a large number of dye molecules, the dye-
doped silica nanoparticles provide highly luminescent signals when used as optical
probes. Recent applications of the fluorescent nanoparticles have demonstrated a
great potential for the NPs towards becoming a revolutionary labeling materials for
bioanalysis. Therefore, an investigation of the cytotoxic properties of the fluorescent
silica nanoparticles is critical to direct further applications of the fluorescent NPs in
the field of biomedicine.

When comparing the compositions and structures of QDs/noble metal nanoparti-
cles to that of the fluorescent silica nanoparticles, fluorescent silica NPs contain no
redox active metal atoms, which have proved to be a major cause of the cytotoxic
effects of QDs (cadmium) and Ag NPs (silver). Based on the current initial research,
it seemed like the fluorescent silica NPs exhibited a much lower toxicity than QDs
and noble metal NPs as summarized below.

2.4.1 Low Cytotoxicity of Silica Nanoparticles

Li et al. (2002) investigated the cytotoxicity of fluorescent silica NPs to COS-7 cells
using MTT assays. After being treated with the silica NPs (50 nm in diameter),
COS-7 cells showed no apparent cytotoxic effects as the nanoparticle concentra-
tion was lower than 1560 wg-mL~1. As the concentration of silica NPs was over
1560 wg-mL~1, the number of living cells decreased drastically. Luo et al. (2004)
also observed the low cytotoxic property of silica NPs through an MTT assay. They
studied both pure silica nanoparticles and superfect contained silica NPs. The results
showed that pure silica nanoparticles had no effect on cell proliferation; but the
superfect contained silica NPs (concentration of NPs: 2 x 108 NPs mL~!, super-
fect: 7.5 ng) inhibited cell proliferation about 30% after a 2 hr incubation of the
cells with the NPs.

Recently our group has studied the cytotoxicity of carboxyl group coated flu-
orescent silica NPs to Mouse A549 cells using various bioassays. The cells were
incubated with the NPs over a period of 72 hrs. The results exhibited little cyto-
toxicity of silica NPs to the living cells. Compared to the negative control sam-
ples (without fluorescent silica NPs), the nanoparticle treated cells retained similar
percentages of survival cells (60%). These preliminary results have demonstrated a
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great potential of using the fluorescent silica nanoparticles in the biomedical field
with low cytotoxicity.

2.4.2 Protection of DNA from Cleavage

In addition to the lower cytotoxic effect, fluorescent silica nanoparticles have
demonstrated a unique property — protection of DNA strands from cleavage. He
et al. (2003) reported that amino-modified silica NPs (diameter: 45+4 nm) effi-
ciently protected plasmid DNA from enzymatic cleavage. They first investigated
the cleavage effect of DNA was cleavage enzyme — Dnase | on two groups of DNA
strands. One of the DNA strands incubated with the nanoparticles prior to the reac-
tion with Dnase I. The results showed that the enzyme could not cleave this group
of DNA strands. However, the other group of DNA strands without incubation with
NPs were cleaved to many small strands. It seemed that the nanoparticles protected
the DNA from cleavage. To confirm the results, they further tested the Dnase |
cleavage effect on plasmid DNA. The nanoparticle conjugated plasmid DNA was
still able to release green fluorescence protein (GFP) indicating the presence of
intact plasmid DNA. The mechanism of nanoparticle protection of DNA strands
from cleavage is not clear.

2.5 Summary
Photoactive nanomaterials have exhibited different extents of cytotoxic effects. A

summary of the cytotoxicity properties of some typical photoactive nanomaterials
is listed in Table 2.1. In general, the toxic metal-contained nanomaterials, QDs,

Table 2.1 Summary of factors affecting cytotoxicity of photoactive NPs

Surface
Nanomaterials Composition Size molecule Cell line
Cd QDs Heavy metal, Increases Reduces/increases  Cytotoxicity
toxic cytotoxicity cytotoxicity is related to
as size cell lines
decreases
Noble metal
NPs
Ag NPs Release of Decreases N/A Cytotoxicity
ROS, toxic cytotoxicity is related to
as size cell lines
decreases
Au NPs Not toxic N/A Increase Cytotoxicity
cytotoxicity is related to
cell lines
Fluorescent Not toxic No effect N/A No effect

silica NPs
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Fig. 2.1 Suggested mechanism of redox
active property induced cytotoxicity of Heavy 0,
heavy metal nanoparticles metal NP

Damage cell membrane,
Free Metalions, ROS — DNA strand, cause cell
death.

exhibited the highest cytotoxic effects among current popular photoactive nhanoma-
terials. For example, the cadmium-contained QDs (CdSe QDs, CdTe QDs) caused
acute cytotoxic effects at a low concentration over a short time period (100 wg-mL~?
QDs in 24 hr incubation). Redox active metal nanoparticles have also showed sig-
nificant cytotoxic properties (Fig. 2.1). Silver NPs was an example of such redox
metal materials. The fluorescent silica nanoparticles showed the lowest cytotoxic
effects among current typical photoactive nanomaterials. At low concentrations, sil-
ica nanoparticles showed no apparent cytotoxic effects.

The cytotoxic effects can be reduced by changing nanomaterial compositions and
sizes. The sizes of photoactive NPs were in the range of 1-100 nm. The smaller the
size the NPs, the lower the cytotoxic effect. The penetration ability of the nanoma-
terials into cells increased as the size decreased. The larger nanomaterials stayed
in the cytosol, while the smaller ones entered the nucleus of cells. Currently three
kinds of photoactive nanomaterials, QDs, noble metal NPs, and fluorescent silica
NPs, were all able to enter cell membranes but only smaller ones entered the nucleus
when observed under fluorescent microscopes. This size effect was observed in each
type of nanomaterial. However, silver nanoparticles were reported with a reverse
trend.

The coating technique was one effective strategy to reduce or prevent the cyto-
toxic effects of NPs. Among all the coating materials used, the biocompatible
materials, such as silica and BSA, have demonstrated a great potential to reduce
the cytotoxicity of nanomaterials. In addition, cytotoxicity of NPs was related to the
type of cell. The same type of nanomaterials might exhibit diverse toxic effects to
different cell lines.

Different mechanisms of cytotoxic effects of photoactive nanomaterials was
reported. The release of toxic cadmium ions was a major hypothesis for the cyto-
toxic effects of QDs. The presence of redox active elements in metal nanoparticles
could cause toxic effects to living cells. Kirchner suggested (Kirchner et al. 2005)
that the surface concentration of metal atoms should be used in the study of QDs
cytotoxicity instead of using QDs concentration. This surface concentration corre-
lated the ability of QDs to release cadmium ions better than the QD concentration.
The smaller QDs had higher surface-to-volume ratios. Comparison of the surface
concentrations of differently sized QDs of the same amounts showed, the smaller
QDs had a higher amount of surface molecules. Thus, the smaller QDs caused higher
cytotoxic effects.
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Since the toxicity studies on photoactive nanomaterials described in this chap-
ter has developed rapidly and has attracted great interest in such a short period of
time, we expect many novel investigations in this field that will direct developments
and applications of photoactive hanomaterials in bioanalysis within the next several
years.
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Chapter 3

Breeching Epithelial Barriers—Physiochemical
Factor s | mpacting Nanomaterial Translocation
and Toxicity

Lisa Del ouise, Luke Mortensen and Alison Elder

Abstract With the surging nanotechnology industry, the likelihood of intentional
consumer and unintended worker-related skin and lung exposures to various types of
nanomaterials is assured. From existing literature, there is clear evidence that some
nanomaterials can passively breech epithelial barriers. For skin, mechanical flex-
ing can facilitate penetration of large micron-sized particles and, for both skin and
lung, the health status will affect barrier function. Nanoparticle toxicology is, how-
ever, an emerging field and inconsistencies in the published literature exist. Incon-
sistencies should be anticipated as there is currently no standardized set of tests by
which nanoparticle toxicity can be determined. Therefore, the question of nanomate-
rial toxicity resulting from unintended epithelial permeation remains open. In vitro
cytotoxicity studies clearly indicate that nanomaterials are toxic to skin and lung
cells under certain conditions. The relevance of these results is difficult to extrapo-
late, as there is a presumption of epithelial permeation. This chapter discusses what
is known and what is not known about physiochemical factors impacting nano-
material translocation and toxicity.
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3.1 Introduction

Although many definitions exist for nanomaterials, a very basic one describes an
object with at least one dimension having a diameter less than 100 nm. This defi-
nition can obviously apply to spherical particles as well as fibrous materials. Nano-
materials are also those that are created via “the manipulation of materials at the
atomic, molecular, and macromolecular scales, where the properties differ signifi-
cantly from those at a larger scale” (The Royal Society and Royal Academy of Engi-
neering, 2004; Oberdorster et al. 2005; Nel et al. 2006; Klein 2007). A characteristic
of nanomaterials is that their surface area per unit mass increases as size decreases,
as does the percentage of atoms that can be found at the surface of the material. This
may partly explain why unique properties can be found at the nanoscale that are not
present in the same bulk material, such as the size dependent fluorescence emission
frequency of semiconductor quantum dot (QD) nanomaterials.

Advances made in the synthesis and control of engineered nanomaterial prop-
erties have expanded their use in numerous diverse applications ranging from
medicine (diagnostic imaging, targeted drug delivery, biosensors) to energy (solar
cells, catalysts) and consumer goods (cosmetics, inks, electronics). A consequence
of this nanotechnology boom is an increasing risk of unintended consumer and occu-
pational exposure to nanomaterials. Two likely routes of exposure are contact with
skin and the respiratory tract. Unfortunately, current understanding of nanomaterial
penetration through epithelial tissue and their potential toxicity is poor (Curtis et al.
2006; Hardman 2006). Generating conclusive data are a daunting challenge that is
confounded by the compositional diversity of nanomaterials and the wide range of
synthetic processes used to create them (Pulskamp et al. 2007). Nonetheless, trends
are emerging in recent literature that suggest that correlations exist between tis-
sue penetration and key physiochemical characteristics. Translocation and toxicity
depend on specific cellular interactions and intrinsic nanomaterial factors, such as
biochemical stability and their potential to generate reactive oxygen species (ROS)
(Nel et al. 2006; Cedervall et al. 2007). These trends are reviewed in this chapter.
We begin Section 3.2 with an introduction to important physiochemical properties
that are likely to affect nanomaterial interactions with epithelia. This is followed
by a discussion of the current understanding of nanomaterial interactions with tis-
sues of the skin in Section 3.3 and the respiratory tract in Section 3.4. Both sections
first introduce the essential microanatomical and cellular features that are critical
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for understanding how nanomaterials can breech these epithelial barriers. This is
followed by a discussion of key themes emerging from recent literature on nanoma-
terial penetration, translocation, and toxicity.

3.2 Nanomaterial Physiochemical Properties

The physiochemical properties of nanomaterials that have emerged as important
determinants of uptake and toxicity include size, surface charge, surface energy
(hydrophobicity/hydrophilicity), and chemical composition. Of these, particle size
is of utmost importance in assessing epithelial penetration and toxicity.

3.2.1 Nanomaterial Size

Epithelial barriers are formed in part by tight intercellular junctions that have aque-
ous spaces through which penetration via diffusion processes can occur (Anderson
2001). However, the aqueous spaces are small (~4 nm diameter) and penetration
of larger particles is physically hindered unless junctions are leaky due to damage,
disease, or inflammation. In fact, the latter may be induced upon nanomaterial con-
tact. Once particles enter tissues, effective clearance mechanisms also depend on
size. For example, nanomaterials exceeding ~4—6 nm diameter that gain access to
the circulation by breeching epithelial barriers or by intravenous (Choi et al. 2007;
Fischer et al. 2006) injection are considered too large to be excreted in urine (Smith
et al. 2004). Recent studies find that after 12 hrs, only 0.25% of the QDs (~37 nm)
injected intradermally accumulated in kidney tissue (Gopee et al. 2007); however,
detection of QDs in urine was not examined. A higher percentage of circulating
nanomaterials are cleared by uptake into phagocytic cells in the organs of the retic-
uloendothelial system (RES), most notably the liver and spleen (Fischer et al. 2006;
Gopee et al. 2007). However, the clearance rate by the RES system also depends
on size (Lutz et al. 1989). Studies show that larger particles (radius 250 nm) are
phagocytosed faster than smaller particles (radius 25 nm) (Holmberg et al. 1990).

3.2.2 Nanomaterial Composition

Nanomaterial composition (surface coating and core) is an important determinant
of toxicity in that it influences cellular uptake, RES clearance rate, and biochemi-
cal compatibility. Nanomaterials that come into contact with epithelial tissues may
be taken up by cells via receptor-mediated endocytosis or nonspecific pinocyto-
sis. Hydrophilic coatings like polyethylene glycol (PEG) and BSA tend to delay
uptake (Akerman et al. 2002; Zahr et al. 2006). Once inside a cell they may remain
sequestered or they may be degraded depending upon their biochemical stabil-
ity. A growing body of literature suggests that endocytic uptake and subsequent
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intracellular trafficking into acidic vesicles is an important mechanism for potenti-
ating cytotoxicity, particularly when the nanomaterial surface coatings and/or core
composition are pH sensitive (Chang et al. 2006; Lovric et al. 2005a, b; Ryman-
Rasmussen et al. 2007b). Also the intrinsic ability of nanomaterials to generate
ROS and to cause oxidative stress has been linked to greater cytotoxicity (Sayes
et al. 2005; Ipe et al. 2005; Lovri¢ et al. 2005a; Tsay and Michalet 2005; Nel
etal. 2006). Composition also influences cytotoxicity by impacting ROS generation,
surface charge, and surface energy (Derfus et al. 2004; Sayes et al. 2004; Gupta and
Gupta 2005; Hoshino et al. 2004), as discussed below.

3.2.3 Nanomaterial Surface Charge

In a biological environment, surface charge will influence nonspecific adhesion of
proteins on the nanomaterial surface (Choi et al. 2007), its permeation through tight
junctions, and cellular uptake. Cell membranes are typically negatively charged,
although positive domains exist (Ghitescu and Fixman 1984). At physiological
pH (~7.3), aqueous pore channels found in tight junctions are lined with anionic
charges, a condition that slightly favors permeation of cations (Anderson 2001).
Recently, it was shown that positively charged polymer nanomaterials (~200 nm
diameter) were phagocytosed by mouse macrophages to a greater extent than
negatively charged particles (Zahr et al. 2006). Studies of cell adhesion to charged
polymeric microcapsules (5 wm diameter.) showed that positively charged micro-
capsules exhibited greater de-adhesion forces (~25 pN) compared to negative
microcapsules (~18 pN) (Javier et al. 2006). Positively charged microcapsules were
also nonspecifically taken up by cells at a higher rate than negatively charged ones
(Javier et al. 2006). Contrary to expectations based on electrostatic arguments, oth-
ers have found that phagocytosis of hydrophilic polystyrene particles (~1 pm diam-
eter.) by mouse macrophages increased with negative charge (Gbadamosi et al.
2002). This result is supported indirectly by a study that found anionic particles
induce a greater inflammatory response (Cui and Mumper 2001) which activates
phagocytic cells (Trinchieri et al. 1993). These observations illustrate the diffi-
culty in applying generalized concepts for predicting nanomaterial permeation, cell
uptake, and toxicity in biological systems.

3.2.4 Nanomaterial Surface Energy

Lastly, surface energy has been found to greatly impact how nanomaterials
interact with biomolecules and tissue (Cedervall et al. 2007). In an aqueous
environment low surface energy coatings (hydrophobic) are particularly prone
to nonspecific adsorption as proteins denature to expose their hydrophobic core.
They also show surfactant-like properties, which may help extract or disorganize
lipid components of cell membranes, lowering barrier function enabling enhanced
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epithelial penetration (Baroli et al. 2007). High surface energy coatings
(hydrophilic), particularly those that produce a weakly negative or neutral surface
charge, are ideal for resisting protein adsorption and cell uptake (Zahr et al. 2006;
Derfus et al. 2004). It is important to note that nonspecific biomolecule adsorption
is a competitive and dynamic process. Known as the VVroman effect and initially
described for blood plasma proteins (Turbill et al. 1996), nonspecific binding begins
with the adsorption of abundant low molecular weight proteins (e.g., albumin) that
diffuse quicker to the material surface. In time, high molecular weight proteins (e.g.,
fibrogenin) of lower concentration accumulate on the surface as they are harder to
displace. As such, nanomaterials engineered with noncovalent coatings to affect a
specific function (e.g., protect against degradation, target delivery, resist cellular
uptake, or clearance, etc.) may in fact change with time in vivo depending upon
tissue location (Klein 2007; Cedervall et al. 2007).

3.3 Skin

3.3.1 Microanatomy and Mechanisms of Particle Translocation

The skin is the largest organ in mammals. It provides many functions, the most
important of which is protection from the environment. Skin is stratified squa-
mous epithelial tissue. It has evolved a multilayer physical architecture grossly
comprised the innermost subcutis, the dermis, and the outermost epidermis cov-
ered by the stratum corneum layer (Fig. 3.1). Each layer consists of different cell
types, biomolecules, and skin appendages (follicles and glands) that uniquely work
together to maintain the barrier function. Key features of this architecture relevant
to nanomaterial penetration are detailed in Fig. 3.1.

Lipid organization
Fig. 3.1 Schematic
illustrating the multilayer
architecture of skin. The
layers of the stratum corneum
provide a strong barrier to
penetration. The flow of
terminally differentiating p——
keratinocytes from basale to
the stratum corneum adds to
the barrier function (Adapted
from Bouwstra and Ponec
2006)

Penetration  Lipid
.+ pathway regions
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3.3.1.1 Physical Architecture

The subcutis and the dermis are the innermost portions of the skin. They both pro-
vide nutrient and waste transport for the epidermis along with mechanical protection
and thermal insulation. The dermis shares structural features with the subcutis, such
as the presence of adipose tissue, collagen—glycosaminoglycan complexes, loose
connective tissue, and elastic proteins. A variety of skin appendages reside in the
dermis including hair follicles, nerve endings, and secretory glands (sweat, seba-
ceous). Secretory glands provide a supporting role in preventing skin penetration.
Sebaceous glands release lipids that keep the skin flexible and provide a barrier to
hydrophilic substances. Sweat glands release salty and slightly acidic (pH ~5.0)
secretions which can agglomerate particles, thus help to prevent penetration.

The basement membrane separates the dermis and the epidermis. It consists of
closely packed collagen, laminin, fibronectin, and other cell adhesion molecules.
The basement membrane is bordered on the apical side by the epidermis, which con-
sists of several layers including the stratum basale, stratum spinosum, stratum gran-
ulosum, and the stratum corneum which is the main permeation barrier. The stratum
basale is made up of keratinocytes (~90%), which are responsible for maintaining
the proliferative potential of the skin. Keratinocytes divide in the stratum basale
and migrate through the upper layers undergoing terminal differentiation. The out-
ward cellular movement contributes to the barrier function of skin by pushing sub-
stances that have breeched the stratum corneum back out towards the skin surface.
As keratinocytes migrate to form the stratum corneum, they become corneocytes.
They lose their nuclei, become flattened, and produce lamellar granules containing
lipids and protein granules containing keratin, filaggrin, and loricrin. These proteins
are anionically charged and are key components in forming a strong mechanical
barrier. Skin surface charge provides electrostatic repulsion of anionic penetrants
(Kim et al. 2006; Wagner et al. 2003; Baroli et al. 2007). Transmembrane proteins
(E-cadherins and desmogleins) link corneocytes forming tight intercellular junctions
that are internally linked to intermediate filaments, keratin, and actin. These intercel-
lular connections provide physical strength and unity of the stratum corneum barrier.
The final result is a brick and mortar structure (Fig. 3.1) consisting of 12-16 layers
of corneocytes surrounded by exocytosed intercellular lipid lamellae composed of
ceramides, fatty acids, and other lipids. The stratum corneum layer provides the
principal barrier function of skin.

3.3.1.2 Hair Follicles

Hair follicles occur throughout the skin. They play an important role in mitigating
permeation, as their physical invaginated structure provides a niche for mechani-
cal accumulation and storage of substances (see “Hair follicles are Efficient Reser-
voirs for Accumulation of Nanomaterials™). Each follicle is comprised of an inner
root sheath (IRS), outer root sheath (ORS), and a fibrous sheath (FS) (Fig. 3.2).
These provide a barrier function; however, it is not as fully developed as the stratum
corneum. Moreover, the base of the hair follicle is located in the dermis and is fed by
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Fig. 3.2 The hair follicle has a modified ~ Besthinum Region
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barrier structure that leaves a greater a6
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the bloodstream and lymph. This architecture makes hair follicles a potential por-
tal for nanomaterial penetration with potential for systemic access (Toll et al. 2004;
Meidan et al. 2006). In fact, studies comparing the efficacy of transdermal drug
delivery through normal and scarred tissue (hair follicles and glands do not regen-
erate in deep tissue injury) confirm the importance of follicles in skin permeation
(Hueber et al. 1992; Illel et al. 1997).

3.3.1.3 Skin Immune Cellsand Injury Response

Despite its strength and resistance to most substances, the stratum corneum can
be disrupted by a variety of conditions. Skin exposure to chemicals, organic sol-
vents, detergents, tape stripping, UV radiation, mechanical injury, and disease all
affect stratum corneum barrier function. In humans, the inflammatory response to
mild injury (excluding disease) follows a similar healing course. Cytokine produc-
tion induces a burst of cellular activity that activates professional immune cells
(macrophages and Langerhans cells) residing in the epidermis and dermis. These
cells work to provide a secondary blockade protecting against systemic permeation
of substances. Macrophages phagocytose foreign substances, microbial invaders,
and particles as large as 0.5-3.5um in diameter (Tinkle et al. 2003), degrading
them in lysosomes. Langerhans cells are professional antigen presenting cells.
They phagocytize foreign substances, move them to lymph nodes, and present anti-
gen to T-cells (Proksch and Brasch 1997). They are highly concentrated in skin
around hair follicles, allowing them to be targeted for vaccines and drug delivery
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(Mogt et al. 2006). Within hours of injury, E-cadherins are rapidly down-regulated,
disrupting cell tight junctions to enable increased cell maotility (Brouxhon et al.
2007). At the same time, upregulation of COX-2 induces keratinocyte prolifera-
tion and differentiation. New corneocytes form and over the course of 2-3 days,
skin thickens (Tripp et al. 2003; Jiang et al. 2007). The stratum granulosum quickly
fills in holes with “mortar” by increasing production of cholesterols and fatty acids
and secreting lamellar bodies in its upper levels (Menon et al. 1992). Skin barrier
function is usually restored to 50% within 12 hrs and full function within 3-4 days
(Ghadially et al. 1995; Jiang et al. 2007). This response returns homeostasis and
skin barrier function rapidly; however, during the healing process, down regulation
of E-cadherins can cause a marked increase in permeability.

3.3.1.4 Summary of Skin Permeability and the Polar and Lipid Pathways

The main factors affecting skin permeability are the characteristics of the substance
in contact with the skin and the health status of the skin barrier. The primary
determinants of permeability are particle size and surface energy (hydrophobic-
ity/hydrophilicity). The importance of particle surface charge in skin permeation has
also been established in studies of transdermal drug delivery (Parisel et al. 2003; Lee
et al. 2007). Surface energy generally determines whether permeation occurs via the
polar or lipid pathway. Polar substances move para- and trans-cellularly in associ-
ation with proteins through tightly linked corneocytes or para-cellularly between
corneocytes through polar channels formed in lipid lamellae (Dayan 2005). Both
mechanisms are important however, finite element modeling and literature data sug-
gest that permeation primarily occurs transcellularly through corneocytes, causing
very high lag times for polar substances (Barbero and Frasch 2006). Skin tends
to be far more permeable to hydrophobic substances, whose main route of entry is
intercellularly between corneocytes through the lipid lamellae (Fig. 3.1). Accumula-
tion and permeation via the hair follicle are also important processes for particulate
materials as is discussed in “Hair follicles are Efficient Reservoirs for Accumulation
of Nanomaterials”.

3.3.2 Lessons from the Study of Ultrafine Particle I nteractions
with Skin

In recent years, studies of nanomaterial-skin interactions have escalated owing
to their increasing use in technology and commercial products. For example, the
antimicrobial properties of silver nanomaterials are exploited in wound care prod-
ucts (bandages, masks), food containers, and refrigerators (Morones et al. 2005).
Magnetic and metal oxide nanomaterials are used in UV sun screens and cosmetic
products (Sincai et al. 2007; Salleh 2004; Cross et al. 2007). Interestingly, metal
oxide containing sunscreens are frequently prescribed to patients to protect pho-
tosensitized skin following treatment for actinic keratosis and skin cancer, despite
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treatment-induced defects in skin barrier function (Schwarz et al. 2001; Fien and
Oseroff 2007). The bulk of our current understanding of nanomaterial sensitization
and penetration through skin comes from in vitro cell culture and ex vivo human
and pig skin studies. Although these models have their strengths, comparatively few
in vivo studies employing human or animal skin exist. In the following, we provide
key lessons gleaned from recent research.

3.3.2.1 Invitro Skin Cell Studies

In vitro studies are ideally suited for quantifying nanomaterial cytotoxicity and
investigating pharmacokinetic mechanisms of cell uptake and death (e.g., apopto-
sis vs. necrosis). Skin cell studies (keratinocytes and fibroblasts) have been con-
ducted with a variety of nanomaterial types including carbon-based fullerenes and
nanotubes (Shvedova et al. 2003; Sayes et al. 2004, 2005, 2006a; Ding et al. 2005;
Monteiro-Riviere et al. 20053, b; Tian et al. 2006; Witzmann et al. 2006), QDs
(Zhang et al. 2006; Ryman-Rasmussen et al. 20073, b), polymers (Weyenberg et al.
2007), metals (Berry et al. 2003, 2004; Gupta and Gupta 2005; Lam et al. 2004;
Auffan et al. 2006), and metal oxides (Sayes et al. 2006b). For example, in vitro
studies of silver nanoparticles were reported to greatly reduce the viability of cul-
tured keratinocytes (Lam et al. 2004). Likewise, citrate-coated gold nanoparticles
and magnetic nanomaterials caused cytotoxicity in human dermal fibroblasts (Pern-
odet et al. 2006; Gupta and Gupta 2005). Cytotoxicity of titanium oxide nanopar-
ticles towards human dermal fibroblasts correlated with particle phase composition
(anatase > rutile) and ROS generating capacity (Sayes et al. 2006b). These results
follow trends consistent with other cell types that link oxidative stress (Nel et al.
2006; Tsay and Michalet 2005) and proinflammatory cytokine generation (Ryman-
Rasmussen et al. 2007a) to cytotoxicity. They also provide important insight for the
design of coatings that can prevent nanomaterial degradation (Derfus et al. 2004;
Chang et al. 2005), cell uptake (Ryman-Rasmussen et al. 2007b) and, hence, cyto-
toxicity (Sayes et al. 2004).

3.3.2.2 Exvivo and In vivo Skin Studies

A caveat of in vitro studies is that they are typically done in a 24-48 period at dose
levels that far exceed what might be expected to occur from an incidental exposure.
They also presume that nanomaterials breech the stratum corneum barrier and pene-
trate to interact with keratinocytes and fibroblasts, the two most common cell types
found in living epidermis and dermis, respectively. To ascertain the relevance of the
in vitro skin cell studies, a definitive answer to the question of skin permeability to
nanomaterials must be sought. Ex vivo and in vivo experiments conducted with skin
have yielded conflicting results. In the following, we discuss the current understand-
ing of whether nanomaterials can breech the stratum corneum barrier and provide
rationale for the observed discrepancies.

Ex vivo studies typically employ human skin resected from breast reduction or
abdominoplasty surgeries. Alternatively, pig skin is used as a good human skin
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model exhibiting similar permeability (Dick and Scott 1992; Gamer et al. 2006) and
follicular structure (Lademann et al. 2007). Permeation through ex vivo skin has
traditionally been investigated using a Franz diffusion cell (Kohli and Aplar 2004)
and/or tape stripping combined with immunohistology (Lademann et al. 2006b)
employing a variety of spectroscopies. Franz diffusion studies involve clamping a
skin sample between donor and receptor compartments of a vertical diffusion cell.
The tissue is perfused from below in a buffer solution at 37°C with the test formula-
tion applied to air-exposed stratum corneum. The electrical resistivity or impedance
of the skin sample is often measured before analysis to ensure results are not con-
founded by tissue defects from vehicle artifacts or subcutaneous fat removal (Baroli
et al. 2007; Cross et al. 2007). Tape stripping is a process used to evaluate the distri-
bution of topically applied substances in the stratum corneum. An adhesive strip is
pressed and removed successively from the same area of treated skin. This process
removes corneocytes and the substances that were applied in a layer by layer fash-
ion. The composition and spatial distribution of substances adhered to the tape can
then be determined (Lademann et al. 2007). In recent years, confocal microscopy
has been increasingly used for analysis of whole skin (Tinkle et al. 2003; Rouse
et al. 2007).

Because of the importance of developing topical drug and virus delivery systems
(Destree et al. 2007; Liu et al. 2006; Lademann et al. 2006a; Vogt et al. 2006),
considerably more research exists on the interaction of polymers and lipid nanoma-
terials with skin. However, with increasing toxicity concerns, the investigation of
other types of nanomaterials (metals, QDs, carbon-based nanomaterials) is rising.
From this body of literature, several important themes are emerging that appear to
be independent of particle composition.

Hair Follicles are Efficient Reservoirs for Accumulation of Nanomaterials

Hydrophilic carboxy terminated polystyrene fluorescent beads (20 nm diameter)
applied ex vivo to porcine skin showed superior follicular deposition compared to
larger beads (200 nm diameter) (Alvarez-Roma et al. 2004). No evidence for the
penetration into epidermis was noted; however, particles were exposed to skin for
a maximum time of only 2 hrs before analysis. More recently, the penetration of
rigid iron oxide core nanomaterials (~5-23 nm) through ex vivo human skin was
investigated (Baroli et al. 2007). Franz diffusion cell measurements did not detect
permeation through the thick skin sample at time points up to 24 hrs. However,
EDS-SEM analysis confirmed the presence of nanomaterials throughout the stratum
corneum and occasionally in the uppermost strata of the viable epidermis extending
to 30-100 pm deep. Normal skin invaginations and hair follicles were observed
to be privileged locations for metal nanomaterial accumulation. These observations
are corroborated by results from an in vivo study investigating the protective effect
of magnetic nanomaterial fluids (~0.03 mg/cm?) on prolonged UV radiation on
mouse ears (Sincai et al. 2007). Results showed that nanomaterials penetrate into the
dermis via hair follicles (IRS and cuticular layer (CL) Fig. 3.2). Cytohistological
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and TEM results at higher skin surface concentrations (~0.1 mg/cm?) indicate that
dermal fibroblasts and macrophages were loaded with magnetic nanomaterials.

Hair Follicle Penetration Depth is Size Dependent

Studies show that the accumulation and penetration into hair follicles is size
dependent. For example, carboxylate latex particles of different size (40, 750, and
1500 nm) were applied to ex vivo human skin following tape striping to open hair
follicle infundibulum to enhance uptake. After 16 hrs, only the 40 nm polymer par-
ticles were able to passively penetrate through follicular epithelium to the perifollic-
ular dermis of the hair shaft (Fig. 3.3). Some reached the sebaceous duct ~225 pm
into the dermis. Flow cytometry proved that Langerhans cells (Cdla+) isolated
from tissue had phagocytosed the 40 nm particles but not the larger particles.
Interestingly, Langerhans cells cultured in vitro internalized all particle sizes (40,

40 nm
Pankles

750 nm
Panicles

1,500 nm
Particles

-.‘~’-J

Fig. 3.3 Laser scan microscopy of cryosectioned skin samples illustrating that 40 nm (a,b) but not
750 nm (c,d) or 1500 nm (e,f ) fluorescent polymer particles (red ) penetrate into tissue surrounding
hair follicles indicated by white * in (a) (Adapted from Vogt et al. 2006)
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750, and 1500 nm), but only the smaller particles (40 nm) were uptaken in ex vivo
skin. This study provides definative evidence that polymer nanomaterials can breech
an intake stratum corneum barrier of ex vivo skin in a size-dependent manner.

Accumulating nanomaterials into hair follicles may provide a functional benefit
for drug delivery. Recent studies of transdermal drug release from 40 to 130 nm
diameter polymer particles through ex vivo guinea pig skin (Shim et al. 2004)
showed that smaller particles were more effective at delivering drugs. This was
attributed to enhanced accumulation and deeper penetration of the smaller particles
into hair follicles. Greater accumulation and large surface area enhanced release.
Moreover, particles that accumulate in hair follicles are retained longer in skin.
When fluorescein conjugated hydrogel polymer particles (320 nm) accumulated in
the hair follicles of ex vivo porcine and in vivo human skin samples, they were effi-
ciently stored there for up to 10 days, whereas fluorescein dye applied in pure form
was eliminated after 4 days (Lademann et al. 2007). Textile contact and desquama-
tion remove particles from the skin surface, whereas sebum production can promote
release from follicles.

Mechanical Flexing Enhances Follicular Accumulation and Stratum
Corneum Penetration

Several studies have established that mechanical force enhances the accumulation
of nanomaterials (Lademann et al. 1999; Rouse et al. 2007) and micron-sized par-
ticles (Tan et al. 1996; Tinkle et al. 2003; Toll et al. 2004; Lademann et al. 2007)
into hair follicles and penetration through the stratum corneum. A seminal study
performed by Tinkle et al. (2003) on micron-sized particles employing scanning
confocal microscopy, showed that fluorescent dextran beads (0.5 and 1.0 wm) pen-
etrated into the epidermis of ex vivo human skin in 56% of the samples (11 tested)
and into the dermis of 18% after 60 min of flexing. They noted, however, that only
a small percentage of the 0.5 and 1.0 wm fluorospheres applied actually penetrated
and no evidence that the larger 2 and 4 pm particles penetrated the stratum corneum
was found. This further supports the notion that penetration and follicular accumu-
lation are size dependent, even with mechanical flexing. Interestingly, dye-labeled
carboxy-terminated polystyrene microspheres (0.75-6 m) topically applied and
massaged onto ex vivo human skin for 10 min showed that particles accumulated
deep (~2300 wm) into hair follicles, but penetration into epidermal layers was not
observed (Toll et al. 2004). These two studies confirm the penetration of polymer
beads is size dependent, but the inconsistencies in the cut-off size result from dif-
ferences in skin integrity, the mechanical flexing technique and/or the particle skin
exposure time. Neither study quantified the surface properties of the polymer parti-
cles. More recently, the effect of flexing on the penetration of peptide functionalized
fullerene nanomaterials (3.5 nm core diameter) through ex vivo pig skin (400 um
thick) was investigated (Rouse et al. 2007). The fullerenes penetrated extensively
through flexed skin deep into the dermis in just 1.5 hrs. Passive penetration through
unflexed skin was also observed, but after 8 hrs, fullerene nanomaterials were only
detected in the epidermis. TEM studies provide evidence that fullerene migration
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through the skin occurs intercellularly, utilizing the lipid pathway. This is consistent
with the intrinsic hydrophobicity of fullerenes despite the attached amino acid.

Skin Permeation Depends on Surface Charge

The issue of nanomaterial surface charge on skin penetration was specifically
addressed in a study of positive, negative, and neutral fluorescent latex particles
(50, 100, 200, 500 nm) passively applied to ex vivo pig skin mounted in a Franz
diffusion cell (Kohli and Aplar 2004). Fluorescence microscopy showed that most
particles remained on the skin surface. After 4 hrs only a small fraction (~0.15%)
of the negatively charged 50 and 500 nm particles were detected in the perfusate,
indicating they had penetrated through the entire skin sample. This result contra-
dicts the permselectivity skin model that predicts that cationic particles are more
favored to permeate skin (Marro et al. 2001) because of electrostatic attraction to
cell membranes (Javier et al. 2006) and the acidy of the stratum corneum (Wagner
et al. 2003). The authors argue that permeation through stratum corneum results
from repulsive interactions in the lipid lamellae. Only the negatively charged 50
and 500 nm particles exhibit sufficient surface charge density to induce the reg-
uisite repulsive force. While this argument is plausible, skin inflammatory factors
may also have influenced their result. It is known that topically applied cationic
nanomaterials can induce inflammation (Badea et al. 2007); however, negative par-
ticles were shown to induce a higher immune response (Cui and Mumper 2001).
Skin inflammation causes a rapid down regulation of E-cadherins, which are essen-
tial proteins in forming tight junctions between corneocytes (Brouxhon et al. 2007).
Topical application of substances that induce skin inflammation can compromise
barrier functions enabling greater penetration. Again, this study points to the diffi-
culties in applying generalized concepts to complex biological systems.

Nanomaterials Generate Proinflammatory Cytokines in Skin

The interaction of copper, nickel (Hostynek and Maibach 2004; Hostynek et al.
2001), and carbon-based materials (Eedy 1996; Shvedova et al. 2003) with skin has
long been a concern for allergic contact dermatitis. Indirect evidence that topically
applied nanomaterials can activate the NF-k@ pathway (Manna et al. 2005) causing
proinflammatory cytokine release in skin comes from several in vitro studies of ker-
atinocytes exposed to fullerenes (Rouse et al. 2006), carbon nanotubes (Monterio-
Riviere et al. 2005a; Ding et al. 2005; Witzmann et al. 2006; Smart et al. 2006),
and semiconductor QDs (Ryman-Rasmussen et al. 2007a). Studies show that both
cytokine production and permeation of QDs through skin depend on QD size and
surface chemistry (COOH, PEG-NH,, and PEG terminations) (Ryman-Rasmussen
et al. 2006, 2007a). Extensive permeation of QDs (Ryman-Rasmussen et al. 2006)
and fullerenes (Rouse et al. 2007) is observed exhibiting a diffusive penetration
through the epidermis and into the dermis of ex vivo pig skin. However, a recent
in vivo study of COOH-terminated QD topically applied via glycerol to SKH-1
hairless mice skin produced contrasting results (Mortensen et al. 2007). Extensive
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Fig. 3.4 In vivo study of quantum dot penetration through mouse skin. Cryosection with DAPI
stain illustrating (&) accumulation of quantum dots in hair follicles and on the stratum corneum
(white arrows) and (b) penetration of quantum dots beyond the stratum corneum (yellow arrow)
(Mortensen et al. 2007).

follicular accumulation but limited penetration beyond the stratum corneum was
observed (Fig. 3.4) even when UV radiation exposure was employed to induce a skin
inflammatory response which is known to induce changes in skin morphology and
barrier function (Pentland et al. 1999; Thomas-Ahner et al. 2007; Brouxhon et al.
2007). The in vivo results corroborate the limited permeation observed of simi-
larly sized metal and polymer nanomaterials (Sincai et al. 2007; Baroli et al. 2007;
Tinkle et al. 2003; Kohli and Aplar 2004; Vogt et al. 2006). Whether the extensive
permeation through ex vivo pig skin is exacerbated by an inflammatory response
or inadvertent factors such as degradation of barrier function through use of a basic
vehicle (pH 8-9) (Baroli et al. 2007) remains to be fully understood.

Do Metal Oxide Particles Breech the Stratum Corneum?

While the preponderance of existing data suggests that fullerene, QD, metal, poly-
mer nanomaterials, and even micron-sized polymer particles aided by mechanical
force can breech the stratum corneum and penetrate into the epidermis and dermis
(albeit a small fraction of what is applied), existing ex vivo and in vivo literature on
rigid metal oxide nanomaterials (TiO, and ZnO) indicate that they do not penetrate
through skin. This question is significant because of the use of metal oxide nano-
materials in consumer UV sunscreens and daily use cosmetic products (Gamer et al.
2006; Cross et al. 2007; Salleh 2004).

Metal oxide particles used in cosmetic formulations span a range of sizes, shapes,
and surface coatings. ZnO and TiO, are typically formulated in skin lotions as
oil/water emulsions. Process technologies produce nanometer size particles, but
once they are formulated into a lotion, agglomeration, and aggregation may occur
(Fig. 3.5). Coatings and surfactants are used to aid in dispersing metal oxides; how-
ever, particle sizing in the formulation remains difficult to characterize using stan-
dard methods (Cross et al. 2007). This is particularly true after application to skin
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Fig. 3.5 TEM image illustrating agglomeration of zinc oxide nanomaterials in water phase of
cosmetic oil/water formulation that arrange around oil droplets (Adapted from Gamer et al. 2006)

where surface pH, salts, and oil may affect their dispersion and size. These issues
are rarely considered in the literature.

One of the first studies to investigate TiO, skin penetration was performed on
human patients scheduled to have skin reduction surgery (Tan et al. 1996). Sun-
screen was applied 2-6 weeks prior to the operation. After excision, the stratum
corneum was removed by tape stripping and titanium in the epidermis and dermis
was quantified using mass spectrometry. Results showed more titanium in the epi-
dermis and dermis of subjects treated with sunscreen relative to controls. While ini-
tially interpreted as evidence for penetration, the result was later shown by another
group (Lademann et al. 1999) to be consistent with particles trapped in hair folli-
cles. Tape stripping was used to quantify the distribution of TiO, (17 nm) formu-
lated in an oil-in-water emulsion applied to human skin multiple times a day for
4 days (Lademann et al. 1999). Results show that metal oxide nanomaterials were
localized only on corneocytes in the upper layers of the stratum corneum and accu-
mulated into hair follicles. In more recent work, the penetration through ex vivo
porcine skin of ZnO (80 nm) and TiO, needle like particles (30-60 nm x 100 nm)
formulated in actual sunscreen lotion was investigated using Franz diffusion and
tape striping (Gamer et al. 2006). Almost total recovery of the amount of zinc and
titanium applied was achieved after a 24 hr application, indicating no penetration.
A similar conclusion was reached by Cross et al. (2007) in a study of ZnO par-
ticles (25-30 nm) applied to ex vivo human skin. Particles were not detected in
lower stratum corneum layers or the viable epidermis by electron microscopy after
a 24 hr application. Finally, optical and electron microscopy methods were used to
investigate the in vivo penetration of different TiO, (hydrophobic and hydrophilic)
formulations applied to the forearm of human subjects for 6 hrs (Schulz et al. 2002).
Analysis of punch biopsy samples showed no evidence of penetration or dependence
on particle size, shape, or surface energy. Rather, TEM analysis showed the forma-
tion of a continuous film of agglomerated particles on the outermost layer on the
skin surface.
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Collectively these studies indicate that metal oxides do not penetrate skin. This
raises the question as to why this is so, considering most other nanoparticle types
(polymers, QDs, metals and carbon nanotubes) have been found to permeate skin.
Is this a fortuitous result of particle agglomeration combined with their intrinsic
hydrophobicity? Do metal oxide particles partition into the stratum corneum, where
they become trapped in the lipid lamella and remain until desquamation or seba-
ceous secretions remove them from follicles? Efficient transdermal drug delivery
has been correlated with skin hydration (Wissing and Muller 2002). This indirectly
suggests the importance of accessing the polar pathway in penetrating the skin bar-
rier which would hinder hydrophobic particle penetration. Are there physiochemi-
cal factors other than size, surface charge, and surface energy that are important in
considering nanomaterial penetration? (For example, the nanoparticle mechanical
properties.) It has been recently found in studies measuring the distribution profile
of elastic and rigid vesicles (~115 nm diameter) in human skin that elastic particles
penetrate deeper under identical conditions (Honeywell-Nguyen et al. 2004). Must
particles be compliant to squeeze through the stratum corneum? Are metal oxide
nanoparticles less compliant than metals of semiconductor QDs? Alternatively, are
metal oxide nanomaterials simply too difficult to detect in skin (Baroli et al. 2007;
Schulz et al. 2002), leading to incorrect conclusions regarding penetration? Clearly
more research is needed to resolve this discrepancy and to gain a quantitative under-
standing of the extent and mechanisms of nanoparticle skin penetration.

3.4 Respiratory Tract

3.4.1 Microanatomy and Mechanisms of Nanomaterial Deposition
in the Lung

A second likely route for unintended nanomaterial exposure is the respiratory tract.
To understand how inhaled nanomaterials might interact with lung cells, it is critical
to understand where and how they deposit in the respiratory tract. Along with this
information, some knowledge of the cell types present and the nature of the lung lin-
ing fluid in a given region is useful. The International Commission on Radiological
Protection developed a model (ICRP 1994; Bailey 1994) that predicts a high frac-
tional deposition efficiency for aerosolized nanomaterials in the alveolar regions of
the lung; however, significant amounts also deposit in the nasopharyngeal—laryngeal
and tracheobronchial regions (Fig. 3.6). In general, the cell type distribution of the
respiratory tract epithelium becomes less complex and the cells “flatten out” from
the conducting airways to the alveoli. For example, ciliated pseudostratified colum-
nar epithelial cells and mucous-producing goblet cells line the conducting airways
down to small bronchi, whereas the epithelium in the alveoli is one squamous cell
thick in most places (Junquiera et al. 1992; Ross and Romrell 1989).

The nose filters very large and nanosized particles and it absorbs gases. Of
particular note in the olfactory epithelium of the nose is the presence of ciliated
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Fig. 3.6 Pathways of particle deposition in the respiratory tract (from Oberdorster et al. 2005)
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olfactory cells, which are bipolar neurons that are continuous with the olfactory bulb
in the central nervous system. These cells are of interest as a potential portal for
nanomaterials to enter the brain. Solid particle transport along the olfactory
nerve into the olfactory bulb has been demonstrated via electron microscopy with
intranasally applied polio virus and Ag-coated colloidal (50 nm) Au (Bodian and
Howe 19413, b; DeLorenzo 1970). Strong evidence for this same process based
on kinetics and solubility characteristics (at neutral pH) has also been shown using
chemical means for laboratory-generated Mn oxide and *3C ultrafine particles (Elder
et al. 2006; Oberddrster et al. 2002, 2004). The nasal mucosa has a pH close to neu-
tral (Washington 2000) and the olfactory mucosa does not contain phagocytic cells
under normal conditions (Ross and Romrell 1989).

Particulate material is deposited in the alveoli via diffusional processes, as
bulk air flow is low or absent in this region (Schlesinger 1995). Two important
anatomical features of the alveolar region to consider include: (1) its large surface
area of 80-140 m? in humans (Scheuch et al. 2006) to facilitate gas exchange;
and (2) the large extent of vascularization. At the epithelial surface of the alve-
olus, there are only a few cell types in a healthy lung with which nanomaterials
might interact. The two alveolar epithelial cell types are squamous (Type 1) and
cuboidal (Type Il) in morphology; whereas these two cell types have similar number
distributions in the alveolus, the Type | cells cover ~95% of the alveolar surface
(Ross and Romrell 1989). The Type Il cells differentiate into Type | cells (Adamson
and Bowden 1975) and also proliferate to repair injured areas of the alveolus. Gas
exchange occurs through the thin, extended filipodia of the Type I cells, which form
zonulae occludens (occluding tight junctions) with other Type | cells. The basement
membrane of the Type | epithelial cell is continuous with that of the endothelial
cells lining the pulmonary capillaries, except for a thin interstitium, so the total
thickness through which gases (or nanoparticles) have to travel to reach the blood
is 0.36-2.5 uwm (Phalen et al. 1995). The pulmonary capillaries are immediately
proximal to the alveoli and form a dense, intertwining network in the parenchymal
region of the lung. The third cell type with which NPs might interact is the alveolar
macrophage, which has the principal job of removing cellular debris and other par-
ticulate material. The brush cell is another cell type in the alveolus, often located at
the bronchoalveolar duct junction, that has also been described by some anatomists;
however, it is rare and its function is largely unknown (Reid et al. 2005).

Like skin cells, tight junctions exist between lung epithelial cells; however, the
barrier function is different than in skin. Selective permeability and active transport
of ions through tight junctions give rise to a transepithelial potential difference giv-
ing lung mucosa an anionic charge. Hence, like the skin, nanoparticles containing
high positive surface potential might experience stronger interactions with the lung
mucosa and be more prone to interaction with cell membranes if the particles reach
the cell surface (Grenha et al. 2005; Yacobi et al. 2008). However, a cautionary note
should be added: many studies that investigate surface charge as a determinant of
cellular interactions with NPs have been done with cultured cells. The lipids and
proteins present in lining fluid in vivo also have charged surfaces, thus adding to the
complexity of this issue.
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The fluid system that lines the airways and alveoli functions in maintaining the
normal physiology of the respiratory tract (e.g., mucociliary clearance, patency of
alveoli) as well as in host defense. The composition of the fluid varies, however, in
the different regions of the lung. The conducting airways are lined with a complex
mixture of mucous substances and aqueous components that varies in depth from ~5
to 100 wm (Ng et al. 2004) and also has some phagocytic cells. These components
coordinate to affect host defense and maintain mucociliary clearance. The alveolar
lining fluid consists of surfactants and an overlying aqueous phase. The pulmonary
surfactant is ~90% lipids and 10% proteins. The main physiological role of surfac-
tants is to keep both the alveoli and bronchioles patent during respiration. The lipid
component is composed largely of disaturated dipalmitoylphosphatidylcholine and
phosphatidylglycerol with smaller amounts of cholesterol. There are four surfactant
proteins (SPs) associated with the lipid layer: SP-A, SP-B, SP-C, and SP-D; they
are secreted by Type Il alveolar epithelial and Clara cells (Griese 1999). The alve-
olar lining fluid also contains plasma-derived proteins (e.g., albumin, transferrin,
immunoglobulins) that are critical to host defense functions (Kim and Malik 2003),
as mucociliary clearance is absent in this region of the lung.

3.4.2 Lessonsfrom the Study of Ambient Air and I ndustrial
Ultrafine Particles

People are exposed on a daily basis to nanosized particles, namely the ultra-
fine particles (UFP) that are present with oxidant gases in ambient air pollution
aerosols. Strictly in terms of size, ultrafine and nanosized particles are the same (i.e.
<100 nm). However, UFP are heterogeneous in their chemistry, are usually present
in air as agglomerates, and are produced via combustion-related processes from
human activity. In this chapter, we define agglomeration as the reversible attachment
of groups of nanoparticles; aggregated nanoparticles, then, are ones that cannot be
broken apart except under the harshest of conditions that are not likely to be present
in biological tissues (except, perhaps, phagolysosomes of activated macrophages).
More recent physiochemical characterizations of ambient UFP have also revealed
that they are not necessarily solid particles, but are comprised to a significant degree
of volatile and semi-volatile organic species (Kittelson et al. 2004). Despite these
differences, some important lessons that are likely to be applicable to nanoparticles
have been learned by studying the health effects of ambient air particulate matter
and, in particular, UFP.

One lesson from the study of ambient particulate matter is that an efficient clear-
ance mechanism for UFP is their agglomeration onto larger particles (heteroge-
neous). Agglomeration processes within the UFP fraction (homogeneous) are less
efficient. This could impact the biological responses to nanoparticles in that agglom-
erated materials could act as a sink for singlet nanoparticles, thus potentially reduc-
ing the ability of cells and tissues to interact with smaller particles. However, very
little is known from studying either UFP or nanoparticles about the behavior of
agglomerated or aggregated particles in tissues.



52 L. DelLouise et al.

Another important lesson, as mentioned above, is that the deposition of nano-
sized particles in the alveolar region is size-dependent, with a peak ~20 nm (ICRP
1994). Asthmatics deposit even higher amounts of UFP when at rest as compared
to healthy individuals (Frampton et al. 2004); possibly related to airway remod-
eling and/or changes in breathing patterns. In addition, alveolar macrophages do
not efficiently take up singlet UFP (Hahn et al. 1977; Ahsan et al. 2002). Hence,
as mentioned in Section 3.2.2, alveolar macrophages are not likely to clear nano-
sized particles unless they are aggregated or agglomerated. These two factors lead
to the potential for increased interaction of nanoparticles with epithelial structures
in the alveoli, increased retention in the lung, and their subsequent passage from
the epithelial surface through the interstitium and into the microvascular circula-
tion of the lungs in a process called translocation. Several studies have now shown
that inhaled insoluble UFP are translocated in small, but significant levels to tissues
outside of the respiratory tract, e.g., the liver (Kreyling et al. 2002; Oberdorster et al.
2002). More recent studies have also shown the olfactory bulb to be a target for UFP
translocation. Studies with inhaled insoluble Mn oxide and *3C UFP showed that
about 11% and 20%, respectively, of the inhaled amount that deposited in the nose
traveled to the olfactory bulb (Elder et al. 2006; Oberdorster et al. 2004). Whether
or not translocation away from the original site of exposure occurs for all tissues
and the extent to which the process is dependent on key physiochemical properties
of the nanoparticles (Section 3.2) are issues being addressed by current research.

Subchronic multispecies inhalation studies with aerosolized carbon black and
TiO, showed impaired clearance, more persistent and severe inflammation, more
severe lung epithelial cell proliferation, and greater oxidant stress in animals
exposed to nanosized, high surface area particles as compared to larger ones with
smaller surface areas (Bermudez et al. 2002, 2004; Carter et al. 2006; Elder et al.
2005). In addition to these in vivo studies, many years of epidemiological, in vivo,
and in vitro research with ambient air and industrially relevant particulate mat-
ter support the hypothesis that small particles with high surface areas produce
greater adverse effects as compared to larger particles with the same chemistry
(Li et al. 1996; Oberdorster et al. 1994, 2000; Peters et al. 1997; Timonen et al.
2005). Studies with UFP have also shown that oxidative stress is a consequence of
exposure, as evidenced by enhanced oxidant release and activation of bronchoalve-
olar lavage (BAL) inflammatory cells, increased intracellular oxidant production,
oxidative DNA damage, mitochondrial damage, heme oxygenase -1 protein induc-
tion, cellular thiol depletion, and proinflammatory cytokine induction (Elder et al.
2000, 2004; Li et al. 1996, 2003; Xia et al. 2006). Health status also significantly
affects the response to inhaled particulate matter, including UFP. Epidemiologi-
cal studies show that age and cardiopulmonary disease determine the outcome of
exposure to ambient particulate matter in terms of human morbidity and mortality
(Bateson and Schwartz 2004; Zanobetti and Schwartz 2001, 2002). Animal studies
have supported the findings in human cohorts (Elder et al. 2004, 2007; Kodavanti
et al. 2002; Lambert et al. 2003). Similar effects are likely to be observed should the
respiratory tract be a target for intentional or accidental nanoparticle exposure.

UFP have also been shown to have effects outside of the respiratory tract. Such
effects include enhanced venous thrombus and atherosclerotic lesion formation,
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alterations in circulating thrombin—anti-thrombin complex and fibrinogen levels,
inflammatory mediator production in cortical neurons and olfactory bulb, and alter-
ations in the heart rate and heart rate variability (Campbell et al. 2005; Elder et al.
2004, 2006, 2007; Kinzli et al. 2005; Nemmar et al. 2002; Silva et al. 2005; Tim-
onen et al. 2005). These extrapulmonary effects that have been observed following
exposure to UFP may be due either to direct transport of particles to other tissues
or to the action of soluble mediators (or a combination of these two processes).
The preceding discussion (Section 3.4.1) of respiratory tract anatomy describes how
direct translocation might be possible.

Studies with diverse nanomaterials suggest that oxidative stress is a likely out-
come of exposure in cultured cells and animals. Although still somewhat contro-
versial, Nel et al. (2006) proposed a categorization of oxidative stress responses in
terms of severity. The least severe oxidative stress is that which leads to antioxi-
dant gene induction via the transcription factor, nuclear factor E2-related factor 2.
Followed by that is nuclear factor kappa B or activator protein-1-mediated cytokine
and chemokine gene induction and, finally, cell death by either apoptotic or necrotic
pathways involving mitochondrial dysfunction. Early studies, from what is now
ancient toxicological history for nanoparticles, showed that nCgg fullerenes caused
lipid oxidation in brain tissues from fish (Oberddrster 2004). However, subsequent
in vitro studies showed that surface derivatization to make the aggregated fullerenes
more water soluble also made them less toxic (Sayes et al. 2004). One of the most
heavily studied engineered nanosized respiratory tract hazards is the carbon nan-
otube (CNT). Early intratracheal instillation studies reported mortality and granu-
loma formation in lung tissue (Lam et al. 2004; Warheit et al. 2004); however, these
effects were largely due to the instilled doses, the dose rates, and the agglomer-
ate state of the CNTSs. Later studies at lower doses performed by Shvedova et al.
(2005) showed that granulomas formed in those regions where visible aggregates
were present in lung tissue; nevertheless, there were fibrotic changes in regions
where aggregates were not seen at the limits of light microscopy. A recent study
(Li et al. 2007) with inhaled multi-walled CNTs delivered at doses near what has
been observed in the workplace reported only moderate epithelial proliferation and
alveolar wall thickening retained nanotube agglomerates. Taken together, these data
suggest that dose rate and agglomerate state play significant roles in determining the
outcome following respiratory tract exposures to CNTs. These issues are also likely
to be important with other nanomaterial types.

3.5 Conclusions and Future Directions

With the surging nanotechnology industry, the likelihood of intentional consumer
and unintended worker-related skin and lung exposures to various types of nano-
materials is assured (Baron et al. 2002). From existing literature, there is clear
evidence that polymeric, rigid metal and semiconductor nanomaterials can passively
breech epithelial barriers. For skin, mechanical flexing can facilitate penetration of
large micron-sized particles and, for both skin and lung, the health status will affect
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barrier function. Nanoparticle toxicology is, however, an emerging field and incon-
sistencies in the published literature exist, as is exemplified by the data on metal
oxide nanomaterials permeation through skin and effects of CNTs in the respiratory
tract. Inconsistencies should be anticipated as there is currently no standardized set
of tests by which nanoparticles toxicity can be determined. For example, the nature
of the vehicles used to apply nanomaterials to skin, the methods used for respiratory
tract exposures, the doses, the nanoparticle themselves, and their purity vary tremen-
dously. There may be nanoparticle physiochemical factors other than size, surface
charge, and hydrophobicity, such as mechanical properties, that are also important
to consider in correlating nanomaterial penetration data.

Therefore, the question of nanomaterial toxicity resulting from unintended
epithelial permeation remains open. In vitro cytotoxicity studies clearly indicate
that nanomaterials are toxic to skin and lung cells under certain conditions. The
relevance of these results is difficult to extrapolate, as there is a presumption of
epithelial permeation. Quantification of the latter from existing studies suggests that
permeation as a percent of total particles applied is low for skin and the respira-
tory tract; however, exact mass quantification is difficult. Moreover, particularly for
skin, many studies are conducted using ex vivo tissue, the results of which should be
viewed with caution. Ex vivo tissue does offer a convenient test platform to probe
permeation; however, the tissue is dying. Circulatory systems are absent and normal
cellular functions, including immune responses and differentiation, are maintained
for only a few hours (<24 hrs). Ex vivo skin pH, sweat and sebum production,
may differ considerably from in vivo tissue. Such factors are critically important
when considering the effect that salt, acidity, and surface tension have on nanopar-
ticles to resist agglomeration or degradation. Clearly, in vivo studies offer the best
opportunity to investigate nanomaterial penetration and translocation mechanisms.
Unfortunately, limited published data are available at this time, but certainly will be
the focus of future studies.
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Chapter 4
Safety and Efficacy of Nano/Micro Materials
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and Kinam Park

Abstract Nano/micro materials have been used in various applications, and drug
delivery is one of the areas where nano/micro particles have made differences.
Nano/micro particulate delivery systems can be divided into different categories
based on several parameters, such as the nature of nanomaterials (inorganic and
organic), biodegradability, hydrophilicity, structures, and processing method. Most
of the nano/micro materials in drug delivery have been used without careful con-
siderations of potential toxicity and safety issues. The size, surface area, chemistry,
solubility, and shape of nano/micro materials all play significant roles in toxicity.
It is time to consider potential problems that may result from the unguided use of
nano/micro materials. This chapter deals with potential sources of toxicity in the
development of various drug delivery systems.
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4.1 Introduction

Nanotechnology is considered to be one of the most important technologies in
modern times. Its unique abilities are expected to revise conventional research and
development (R&D) models. For example, cosmetics which have ultrafine clays
and oil nanoparticles provide customers significantly improved feelings on their
skin; plastics which are modified by carbon nanofibers are as strong as steel, yet
as light as hair; and clothes composed of nanofibers are not dampened by the rain.
All of these improvements in “incremental technology” [1] have so much potential
that many countries are investing considerable resources in this area. Although
many promising products, such as carbon nanotubes (CNTs), quantum dots (QDs),
sculptured thin films, single-electron transistors, and nanofluidic sensors, have been
developed, few of these are available in mass quantities for commercial applica-
tions. However, current research and future prospects can provide us with a picture
that nanotechnology-based products will be commonly available for consumers
within the next decade. It is time to consider potential dangers associated with the
preparation, manufacturing and application of nanoparticles. Microparticles are
also considered here, as there is no clear boundary separating nanoparticles from
microparticles.

The safety protocols of using nanoparticles are urgently required, but have not
been given much attention to date [2, 3, 4]. In 2006, the International Risk Gover-
nance Council (IRGC) surveyed the current situation of the nanotechnology gover-
nance [5]. According to this report, survey participants, consisting of governments
of eleven countries, eleven industrial organizations, five research organizations, and
nine non-government organizations (NGOs), recognized the importance of R&D
activities as well as potential benefits resulting from nanotechnology. Nevertheless,
most of respondents did not identify the need for any specified national or interna-
tional regulations for nanotechnology.

With the ever-increasing R&D activities in nanotechnology, results and data indi-
cating the risks of nanoparticles have been accumulating. Thus, appropriate regula-
tory action is urgently required to protect human health and the environment from
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potential disasters [6, 7, 8, 9]. This chapter deals with the analysis of advantages and
disadvantages of the preparation, manufacturing, and application of nanoparticles.
In particular, the details of safety protocols for overcoming these disadvantages are
discussed, along with guidance that is now in place.

4.2 Drugs

The selection of drugs for preparing and manufacturing of nano/micro particles is
based on pharmacological activities and market needs. This section is focused on the
strategy of maintaining the stability of drugs, especially biomolecular drugs, and on
characteristics of non-organic nanoparticles.

4.2.1 Biomolecular Drugs

With advances in biotechnology, more and more biomolecular drugs have been
developed for mass production. Clinical applications of those biomolecular drugs,
however, have been limited due to their poor stability in formulations and short half-
lives in blood. Biomolecular drugs, mainly protein drugs, are prone to denaturation
by high temperatures, exposure to organic solvents, contact with solid surfaces, and
chemical reactions with other molecules, leading to poor stability during manufac-
turing and storage of nanoparticulate formulations.

The purity of the protein plays an important role in protein stability/instability
[10]. The stability of native proteins is more likely affected by the manufacturing
process as compared with chemical modification of the proteins. Poly(ethylene
glycol) (PEG) has been used widely for chemical modification (known as PEGy-
lation) of proteins [11]. Methoxy-PEG (MPEG) conjugated proteins [12, 13] have
been shown to be more stable than their native counterparts. There are several
PEGylated proteins currently on the market, including PEG-adenosine deami-
dase (Adagen®, Enzon), pefilgrastim (Neulasta®, Amgen), PEG-L-asparaginase
(Oncaspar®, Enzon), pegvisomant (Somavert®, Pfizer), PEG-a-interferon-2b
(Peglntron®, Schering-Plough), and PEG-a-interferon-2a (Pegasys®, Roche). As
an alternative to the non-biodegradable monomethoxy-PEG, poly(sialic acid), a
naturally occurring and biodegradable polymer, has been used [14, 15]. Poly(sialic
acid) modified proteins were shown to have the same ability to increase the
circulation half-life of catalase and asparaginase.

To decrease the degradation of proteins resulting from exposure to the interface
during water/oil emulsion processes, anhydrous protein powders have been directly
added to polymer-containing organic solvents or the solubility of proteins in organic
solvents has been increased. A protein drug can be precipitated at its isoelectric
point to make it neutral in charge for dissolution in organic solvents [16]. A protein
drug can go through a freeze-drying or spray freeze-drying (SFD) process at a pH
away from its isoelectric point [17, 18, 19, 20], resulting in an anhydrous form of
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that protein. The protein solubility can also be increased based on an ion-pairing
mechanism. An oppositely charged surfactant is used to bind the protein and give
it a neutral hydrophobic surface. Negatively charged surfactants are usually used
to neutralize the positively charged protein because of the toxic side effects of the
cationic surfactants [21, 22, 23].

Crystallization is an alternative approach to improving protein stability during
microencapsulation procedures, storage and delivery [24], because it only involves
a one-step process and results in high purity proteins. Crystalline protein particles
are even reported to be more active, stable, and acceptable than their spray-dried
amorphous forms [25, 26]. However, few crystalline forms of proteins, especially
glycoproteins, have been used as active pharmaceutical ingredients because most
proteins are too large and flexible to be crystallized [27].

4.2.2 Inorganic Drugs

4.2.2.1 Magnetic Nanomaterials

Nanoparticles that possess magnetic properties have been extensively investigated
as a useful tool for improving the quality of magnetic resonance imaging (MRI),
hyperthermic treatment for malignant cells and targeted drug delivery [28]. Iron-
containing nanomaterials are controlled by remote magnetic fields, and can be
coated with various marker molecules or anti-cancer drugs for targeting within the
body. Although neither iron oxide nanoparticle alone nor the coating material alone
is known to be toxic, combining the two to create water-soluble nanomaterials pro-
duces a completely different effect. They can be toxic to nerve cells and encumber
formation of their signal-transmitting extensions [29].

4.2.2.2 Titanium Dioxide Nanomaterials

Titanium dioxide (TiO;), a noncombustible and odorless white powder, naturally
exists in minerals like anatase, rutile, and brookite. It is widely used as a white pig-
ment for paints, paper, plastics, ceramics, for example. TiO, is also used as a food
additive, such as in toothpaste and capsules, and the Food and Drug Administration
(FDA) established a regulation for TiO, as the color additive for food. Federal Reg-
ulations of the US government regulates the quantities of TiO, not to exceed 1% by
weight of food. TiO, becomes transparent at the nanoscale (particle size < 100 nm),
and is able to absorb and reflect UV light, making it useful in sunscreens. Nowa-
days, TiO, nanoparticles are used widely because of their high stability, anticorro-
sive character, and photocatalysis.

TiO, nanoparticles can produce free radicals with a strong oxidizing ability
which can catalyze DNA damage both in vitro and in human cells [30]. TiO,
nanoparticles also have pulmonary toxicity after endotracheal inhalation and instil-
lation into the organism. It was reported that the TiO, nanoparticles (20 nm) pene-
trated more easily into the pulmonary interstitial area than the fine particles (250 nm)
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of the same mass [31]. The size-dependent toxicity of TiO, particles may not be sig-
nificant if different routes of administration or different genders are used [32]. In an
inhalation exposure study, mice exposed to 2-5 nm TiO, nanomaterials revealed a
moderate inflammatory response among animals [33]. Pulmonary toxicity research
in rats with three forms of TiO, particles showed that exposures to ultrafine TiO,
particles can induce typical pulmonary effects, based on their composition and crys-
tal structure [34].

4.2.2.3 Silica Nanomaterials

Nanomaterials of silica, a non-metal oxide, have been used in chemical mechani-
cal polishing, and as an additive to drugs, cosmetics, printer toners, varnishes, and
food, because it is a “generally regarded as safe” (GRAS) material. In recent years,
applications of SiO, nanomaterials have been extended to biomedical and biotech-
nological fields, such as biosensors [35], biomarkers [36], cancer therapy [34, 37],
DNA delivery [38], and enzyme immobilization [39].

Recent literature searches indicate that silica nanomaterials are nontoxic at low
dosages but cell viability decreases at high dosages, because high dosages of sil-
ica induce cell membrane damage. On the other hand, silica-chitosan composite
nanomaterials are known to induce less inhibition in cell proliferation and less
membrane damage. The cytotoxicity of silica to human cells depends strongly on
their metabolic activities, but it could be reduced by combining with chitosan [40].
In addition, dose-dependent exposure to SiO, nanoparticles induced cytotoxicity
in human bronchoalveolar carcinoma-derived cells that was closely correlated to
increased oxidative stress. It appears that SiO, nanomaterials reduce cell viability
resulting from penetration of the particles into the cell nucleus [41].

4.3 Polymeric Carriers

Polymeric carriers are often used as drug delivery systems. They must not only be
biocompatible and immunocompatible, but also be readily eliminated from the body,
preferably through biodegradation. There are so many polymers that it is very diffi-
cult to classify each by certain criteria. For convenience, however, they are divided
into biodegradable and non-biodegradable polymers in this chapter. The biodegrad-
able polymers can be hydrophilic, hydrophobic, or amphiphilic.

4.3.1 Non-Biodegradable Polymers

Non-biodegradable polymers were frequently used as implant drug delivery sys-
tems in the early 1970s because of their long-lasting release and reduced host
response. Examples are poly(vinyl alcohol) (PVA), poly(ethylene vinylacetate)
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(PEVA) [42, 43], and polysulfone capillary fiber (PCF) [44]. They were proven to
be safe in rabbit eyes for months [43, 44].

4.3.2 Biodegradable Polymers

4.3.2.1 Hydrophilic Polymers

Hydrophilic polymers generally have little immunogenicity in clinical applications.
However, most hydrophilic macromolecules have to be crosslinked or copolymer-
ized to form hydrogels; otherwise they will be dissolved and cleared from the
body. Physical hydrogels may be better than the chemical ones, because most cross-
linking agents are toxic and the chemical crosslinking process may chemically affect
the entrapped molecules. It is very important to remove any residual crosslinking
agent before in vivo application.

At the end of the last century, synthetic polymers became more and more impor-
tant. Synthetic polymers could be tailored for various physicochemical properties
to suit various applications. The synthetic polymers used in biomedical applications
must be biocompatible, i.e., they must not provoke a defensive, potentially danger-
ous reaction in vivo. Application of nanomaterials may need to be considered as
“polymer genomics.” The term “polymer genomics” is defined as “an effect of syn-
thetic polymers on pharmacogenomic responses to chemotherapeutic agents and the
expression of transgenes delivered into cells” [45, 46]. Understanding of polymer
genomics is expected to lead to safe and efficient nanoparticles for clinical applica-
tions.

Poly(2-hydroxypropyl methacrylamide) (PHPMA) is a potential water-soluble
carrier. Rihova [47] reported that the molecular weight and the properties of the
oligopeptidic side chains could result in some immunogenicity. PHPMA with
molecular weight around 30 kDa is not recognized as a foreign molecule and has no
recorded defense reaction to it. The attachment of pendant oligopeptide sequences
to the HPMA backbone bestows a certain degree of immunogenicity, which depends
on the composition of the oligopeptidic side chains, dose and route of application,
molecular weight, and the genotype of the immunized individual.

4.3.2.2 Hydrophobic Polymers

Hydrophobic polymers are often used for long-term drug delivery, such as intraocu-
lar implants [48]. For convenience of avoiding removal of the system after complet-
ing drug release, biodegradable polymers are often preferred. Pure polyanhydrides
can be degraded in 3 years unless it is copolymerized with sebacic acid (SA) [49].
Increasing the percent of the SA leads to faster degradation, and the copolymer with
80% SA can degrade in just a few days. The copolymer with SA is less hydrophobic
and is known to be a good biocompatible material [50].

Poly(ortho ester) (POE) is a hydrophobic, biodegradable polymer. Currently,
there are four (I-1V) families of POE [51, 52, 53]. There are acidic and basic
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portions in POE. The acidic portion determines the degradation rate. The basic por-
tion maintains the polymer backbone’s stability [54, 55]; moreover, it neutralizes
the acidic microenvironment when the POE is degraded [56]. Different molecular
weights of POE polymers have different release profiles in vitro [57]. Traditional
gamma irradiation sterilization results in degradation of the POE Ill. So when a
POE polymer is used, aseptic preparation is preferred [58]. During the storage of
the POE I1I and its drug delivery system, they have to be sealed in glass bottles
under an argon atmosphere [59].

Poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and poly(lactic-co-glycolic
acid) (PLGA) are the most widely used biodegradable polymers. The biggest prob-
lem of these polymers is that their hydrolysis results in acidic products, which
induce protein degradation. In order to solve the problem, Jiang and Schwende-
man [60, 61] used a blend of hydrophobic PLA and hydrophilic PEG for delivery of
bovine serum albumin (BSA). With the PEG content in the blend, the degradation
speed of PLA decreased, and BSA remained structurally intact without aggregation.
PLGA/PEG blends showed the same effect [62]. There are other strategies, such as
preparation through an o/o emulsion and co-encapsulation of additives [60, 61, 63],
to alleviate the acidic microenvironment. The carboxyl end groups of the degra-
dation products of the polymers can interact with positive charges of proteins to
adversely affect the protein stability [64, 65].

During degradation of biodegradable polymers in the rabbit’s eyes, triphasic
release patterns were observed: initial drug-burst, diffusive phase, and a final drug
burst. The latest procedure is generally uncontrollable and poorly predictable.
Yasukawa [66, 67] reviewed the attempts to improve the release procedures. The
larger the molecular weight or the lower the glycolide content, the slower the
biodegradation [66]. Using PLA polymers with two different molecular weights
in different ratios resulted in a decrease of the final drug burst with a pseudo-zero
order kinetic of drug release [68].

4.3.2.3 Amphiphilic Polymers

Amphiphilic polymers are promising polymeric carriers as they can load the drug
under a mild condition [69] as a polymer micelle or as a sol-gel phase reversible sys-
tem. Amphiphilic polymers are divided into two parts: hydrophilic and hydrophobic
segments. The properties of the two parts and the ratio of the two parts determine
the in vivo fate of the micelles [70].

Poly(ethylene glycol) (PEG) [71, 72, 73], or poly(ethylene oxide) (PEO) [74], is
the most commonly used polymer as the hydrophilic part of the polymer micelle.
They endow the micelles a stealth surface by repelling the foreign substance, and
thus increase the blood circulation half-life of the polymer micelles in vivo. It was
reported that MPEG-PLA improved the efficacy of the direct nose—brain transport
for drugs, which is especially important for peptides and proteins that are unable to
penetrate through the blood-brain barrier [75].

A small difference between ethylene oxide (EO) and propylene oxide (PO)
monomer units is the additional methyl group in the PO unit, which makes it more
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hydrophobic. The hydrophobic segment of the polymer containing PO units can be
used to adsorb and anchor the block copolymer molecule to the nanoparticle sur-
face, while the hydrophilic EO-containing segment, or PEG sections, can extend
into solution and shield the surface of the particle. It was found, however, that the
physically adsorbed polymers can be desorbed [76], and thus covalent grafting to
the surface may be necessary for improved stability [77, 78]. Properties of PEG
chains, such as molecular weight [72, 79, 80, 81], surface chain density [81, 82, 83],
and conformation [72], affect biodistribution and pharmacokinetics of nanoparti-
cles. The optimal molecular weight of the PEG chain for surface coating is above
2000; otherwise the length of the PEG chain is too short to be flexible [72, 81, 84].

An increased surface coverage by PEO, e.g., using Poloxamer 407, resulted in
not only a reduction of the amount of adsorbed serum proteins, but also effected
the type of proteins adsorbed [74]. When the surface coverage was above 25%,
high-molecular-weight proteins did not adsorb onto the nanoparticles. Even at the
5% surface coverage, the in vivo circulation time was longer than the uncoated
nanoparticle.

The nature and state of the hydrophobic segment in the micelles have a significant
impact on the in vivo stability as well as the pharmacokinetics and biodistribution of
the micelles. The longer length of the hydrophobic segment and the higher propor-
tion of the hydrophobic polymer endow a greater thermodynamic stability [85, 86].
The physical state of the core-forming polymer, such as amorphous, crystalline or
semicrystalline, has an effect on the micelle stability [87, 88]. A micelle containing
a hydrophobic block with a glass transition temperature (Tg) exceeding 37°C has a
“frozen” core. The crystalline or semi-crystalline [88] core makes the micelle more
stable and the duration of drug release becomes longer.

The ratio of the hydrophilic/hydrophobic will also affect the shape of the micelle.
In general, when the hydrophobic part of the micelle overweighs the hydrophilic
part [87] or the length of the hydrophilic segment is longer than that of the core
block [89], the shape of the resulting micelles is spherical. On the other hand,
non-spherical structures, including rods and lamellae, can be formed by increas-
ing the length of the core segment beyond that of the corona-forming chains or the
hydrophilic part of the micelle overweighs the hydrophobic part.

Amphiphilic B-cyclodextrin nanosphere suspensions [90] also reported to have
unexpected good physical stability of the suspensions after 3 years of storage at
room temperature after the secondary hydroxyl functions of the B-CDa glucopyra-
nosy! units were grafted by hexanoyl carbon chains.

4.3.3 Others

The copolymer concentration is another factor affecting the effectiveness of the
carrier. Three MPEG-b-poly(e-caprolactone) (MPEG-b-PCL) copolymer concen-
trations, 0.2 mg/kg dose group (unimers), 2 mg/kg dose group (unstable micelle),
and the 250 mg/kg dose group (stable micelle), were used to investigate the in vivo
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fate of mice following intravenous administration [88]. It was found that when the
polymer was given in unimers, more copolymer penetrated into tissues. The ther-
modynamically unstable micelles (i.e., 2 mg/kg dose group) had a much longer
circulation half-life and slower rate of elimination than the unimers. The thermo-
dynamically stable micelles (i.e., 250 mg/kg dose group) had the slowest elim-
ination rate from the plasma during the elimination phase. The 250 mg/kg dose
group also had the lowest tissue to plasma concentration ratio during the elimina-
tion phase.

Copolymers with a low polydispersity index (PDI) (e.g., PDI < 1.1) usually
lead to more stable micelle systems in vivo [88]. The polymer purity and molec-
ular weight distribution are also known to affect microsphere morphology and in
vitro cytotoxicity [91]. Microspheres showed decreased in vivo degradation rate and
lower initial protein burst after ultrafiltration. Ultrafiltration appears to be a useful
method to control the properties of microspheres.

4.4 Additives

Pharmaceutical additives are widely used to preserve the pharmacological activity of
drugs and to prolong the shelf life of the dosage forms, especially of protein drugs.
Stabilization of protein drugs by additives is based on the surface-active properties
of some additives and/or electrostatic interactions. However, there is no general rule
how to choose an optimal additive for a specific protein.

Sugars have been widely used as excipients for stabilizing protein drugs. No gen-
eral rules have been established explaining how sugars stabilize proteins. Different
sugars have different effects on the same protein, whereas the same sugar also has
different effects on different proteins. For example, trehalose and mannitol have
significant protective effects on the soluble non-aggregated interferon- v (INF-v)
and growth hormone after emulsification and ultrasonication [16], whereas no or
little protecting effect on insulin-like growth factor-I [92]. Trehalose, mannitol, and
sucrose have no protecting effect against the degradation of lysozyme, whereas lac-
tose and lactulose have signification positive effects [93, 94]. Cyclodextrins (CD)
[95, 96] is also used as a special stabilizer. Hydroxypropyl-g-cyclodextrin is known
to increase the stability of recombinant human INF-«-2a protein [97]. Generally,
sugars are added in the inner aqueous phase in the w/o/w emulsion process.

A surfactant is another additive which is widely used in protein formulations.
Non-ionic surfactants usually have better effects than ionic surfactants because bind-
ing of ionic surfactants to proteins can cause protein denaturation. Poloxamer 188
successfully prolonged the release of active INF-a when it was mixed with PLGA
[98], whereas it had no effect on BSA secondary structure [17].

Albumins and gelatins are frequently added to the inner aqueous phase during
emulsion process to protect the bioactivity of proteins. The protective function of
albumins (i.e., bovine, human or rat serum albumins) results from their surface-
active properties. Albumins occupy the interfaces to shield the pharmacological
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protein from exposure to solvent [92, 99, 100]. Albumins are also known to remove
the protons formed during degradation of PLGA, avoiding protein aggregation
resulting from the acidic environment [101]. Albumins, however, may not work
in many other cases [102]. Gelatin is another protein which is used as an additive
to protect protein drugs from ultrasonication [92]. The gelatin protective effect is
dependent on the gelatin molecular weight and concentration; the higher the molec-
ular weight/concentration, the better the stabilization effect [103].

Some synthetic polymers are also used as an additive too. PEG has been used to
protect protein against degradation [102, 103, 104], although sometimes it resulted
in adverse affects [105]. PEG can be added to either aqueous or organic phases
[106, 107]. Two or more additives can be combined to enhance the protective func-
tion over individual additives [92, 108].

45 Structure

4.5.1 Quantum Dots

Quantum dots (QDs) are semiconductor nanocrystals with unique optical and
electrical properties. QDs have a longer durability and higher fluorescence than
conventional organic fluorophores, thus it can act as information and visual tech-
nologies to transfer in vivo imaging and diagnostics of living organisms [109].
Moreover, fluorescent QDs can be joined together with bioactive moieties (e.g.,
antibodies, receptor ligands) to target specific biological event and cellular struc-
tures and receptors.

To understand the potential toxicity of QDs, it is required to understand the
physicochemical properties of QDs. QDs consist of a metalloid crystalline core and
a shell that shields the core and makes the QD bioactive. Many QD core metals
(e.g., Cd, Pb, Se) are known to be toxic to vertebrate systems even at low concen-
trations (parts per million). For example, Cd, a bioaccumulative carcinogen, has a
biologic half-life of 15-20 years in humans, can cross the blood-brain barrier and
placenta, and is distributed throughout the body. Degradation of the QD coating
may also result in unexpected reactions of the QD in vivo. Furthermore, some QD
coating materials, such as mercaptoacetic acid, have been found to be cytotoxic. Till
now, there are no standardized protocols on QD synthesis and coating. The safety
of QDs is known to depend on QD size, charge, concentration, and bioactivity of
outer coating (capping material and functional groups) [110, 111]. Protonation [112]
or photo-oxidation [113] is known to deteriorate the stability of QDs. In a relatively
low pH range, between 2 and 7, the deprotonated thiols or thiolates which are bound
to cadmium chalcogenide QDs will become protonated and detached from the QD
surface causing the precipitation of the crystals [112]. Photooxidation of the sur-
face ligands also makes them detached from the surface, leading to precipitation.
Increasing the thickness and packing density of the ligand is useful to delay the
initiation process of photooxidation [113].



4 Safety and Efficacy of Nano/Micro Materials 73
4.5.2 Carbon Nanotubes

Carbon nanotubes (CNTSs) consist exclusively of carbon atoms arranged in a series
of condensed benzene rings rolled-up into a tubular structure. Various physico-
chemical properties of CNTSs, such as an ordered structure with high aspect ratios,
ultralight weight, high mechanical strength, high electrical conductivity, high ther-
mal conductivity, metallic or semi-metallic behavior and high surface area, present
unique opportunities for diverse applications [114, 115].

Non-functionalized CNTSs are hydrophobic materials, requiring functionalization
to be compatible in the biological media. Such functional-groups can be obtained
by adsorption, electrostatic interaction, or covalent bonding of different molecules
to make CNTs more hydrophilic [116]. The physical state of the CNTSs is also very
important to the safety of the usage of the CNTs [117, 118]. The functionalized
surface can prevent aggregation of the individual tubes that occurs through van der
Waals forces.

45.3 Dendrimers

Dendrimers consist of a central core molecule acting as the root from which a num-
ber of highly branched, tree-like arms originate in an ordered and symmetric fashion
[119]. Because of their unique molecular architecture, they have many distinctive
properties which are different from other polymers, such as the gradual stepwise
synthesis method through a divergent or a convergent one, a well-defined size and
structure with a low PDI. The relatively empty intermolecular cavity and the highly
dense terminal groups can be used to entrap host molecules.

Most dendrimers are known to have poor solubility in aqueous solutions, and a
structure that would predict a likelihood of cellular accumulation. They may present
unacceptable toxicity and/or immunogenicity if administered parenterally. It is well
known that the large surface area/volume of all nanosized materials can poten-
tially lead to unfavorable biological responses if they are inhaled and absorbed into
the body [7, 120]. It is widely known that dendrimers with —NH, termini display
concentration- and generation-dependent cytotoxicity [121]. The exposure time is
also an important factor which affects the morphology of the cell. When polyami-
doamine (PAMAM) with generation 4 was incubated in B16F10 cells for 5 hrs,
cell membranes were damaged [122], but it was reversible by removing the den-
drimers [123].

Dendrimer cytotoxity is not only dependent on the chemistry of the core, but is
also influenced by the properties of the surface. PAMAM dendrimer and polypropy-
lenimine dendrimer have a cationic net surface charge. Cationic surface charges
are in general more toxic than anionic or PEGylated dendrimers [124]. In order
to decrease the toxicity, quaternization is always used as a strategy [125, 126].
Increased branching (or generation) and a greater surface coverage with biocom-
patible terminal groups, such as C12 lauroyl groups or PEG 2000, reduce the
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dendrimer toxicity significantly [122]. However, when the surface of generation 4
PAMAM dendrimers was modified with lysine or arginine, the toxicity increased
which was confirmed by incubation with HepG2 or 293T human embryonic kid-
ney cells for 48 hrs, probably due to the increased density and molecular weight
[127]. To improve the transfection efficiency, some compounds are added as addi-
tives into the dendrimer—DNA complexes, such as DEAE-dextran [128] and substi-
tuted cyclodextrin [129].

4.6 Processes

The particle size plays a key role in the final biodistribution and pharmacokinetics.
It was reported [84] that a particle with hydrodynamic radius of over 200 nm will
be cleared more quickly than particles with radius under 200 nm. Controlling the
particle size may be one way to prepare safe nano/micro materials.

4.6.1 Emulsion

Emulsion methods have been used widely in preparing nano/micro particles. A
Water-in-oil-in-water (w/o/w) double emulsion method has been most widely used.
Many hydrophilic drugs/proteins can be encapsulated by this method. The parti-
cles obtained in this method are very stable [130]. In emulsion methods, protein
drugs can become denatured by exposure to the interface between water and sol-
vent [99, 131]. The effect of the primary w/o emulsion has a stronger denaturizing
effect than that of the secondary w/o/w emulsion [132]. To avoid the exposure of
proteins to organic solvent, protein particles in the solid state can be directly sus-
pended in the organic phase to form s/o/w emulsion [23, 133]. For this s/o/w method
to work, the hydrophilic drug/protein power has to be under an anhydrous condition
before encapsulation [17, 18]. The anhydrous proteins can be obtained by freeze-
drying or SFD before being encapsulated (See Section 2). The nature of the organic
solvent also has an impact on protein stability. Use of blend solvents (such as ace-
tone/ethylene chloride blend) could reduce surface tension between the organic and
the water phases [20, 23, 102].

Although all ultrasound, sonication, vortexing, and homogenization operations
can result in protein degradation, a good choice of the apparatus can minimize
the instability of proteins [134]. Milling is a traditional method for micronization
of drug powders. The standard micronization processes comprise crushing/milling,
air micronization, sublimation, and recrystallization from solvents. There are var-
ious mills, such as ball mills, colloid mills, and jet or fluid energy mills. Most of
them have advantages and shortcomings. The mechanical treatments can damage
and degrade particles due to high stresses (thermal and mechanical) generated by
attrition. They result in particle adhesion, agglomeration, and loss of drug activity.
Jet milling is a process to reduce the size of crystals or coarse particles by high
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velocity air [135]. The majority of inhalation powders are prepared by jet mill [135,
136]. It can produce particles between 1 and 20 wm [136]. In addition to milling,
crystallization, and lyophilization have been also widely used. For crystallization
processes, co-precipitating solvent is often used [137]. Some solvents will result in
the instability of the biopharmaceuticals, but the use of optimal lyoprotectant can
prevent aggregation and increase shelf life [138, 139].

4.6.2 Spray Drying

Spray drying transforms protein-containing solutions to powder in a single step
[140]. The major advantage of the process is that this technology can avoid thermal
degradation. Though high temperature drying air is used, the drying time usually
lasts less than 100 milliseconds to seconds [135, 136]. During the drying process,
the material temperature remains significantly less than the drying air due to evapo-
rative cooling.

There are some problems to consider with spray drying. Atomization may result
in degradation and denaturation of proteins. This problem has been alleviated
by adding suitable excipients, such as sucrose, trehalose, lactose, PVA, dipami-
toylphosphatidylcholine, and even albumin [141, 142, 143, 144, 145, 146, 147].
The yield of spray drying is rather low in the range of 20-50% [136, 146]. This
can be improved to 70% by introduction of high-performance cyclone for collecting
the dried particles [135, 148]. It is difficult to control the mean droplet size during
spray drying [149]. Though the use of ultrasonic nozzles can lighten the problem,
it can also cause protein denaturation [150]. The spray drying technique is difficult
with poorly water-soluble drugs. In that case, spray freezing into liquid (SFL) can
be used. Careful selecting the operating parameters can play a significant role in
obtaining high quality product in spray drying.

4.6.3 Spray Freeze-Drying

Spray freeze-drying is a process which takes advantage of the very low boiling
point of nitrogen, oxygen, or argon to freeze a solution containing proteins, then
to lyophilize the frozen droplets to obtain porous spherical particles. In contrast to
the dense particles (~3 wm) produced by spray drying, SFD results in porous, frag-
ile particles (~8-10 pm) with low aerodynamic size [151].

There are a few limitations of SFD. The process is time-consuming (taking
3 days) and expensive because of the safety issues resulting from the extremely
low boiling point (below —-195.8°C) of liquid nitrogen. The stress associated with
freezing and drying, especially the adsorption of a protein at the air-liquid inter-
face during atomization, results in irreversible damage to the protein. This problem
can be reduced by limiting the time of exposure to the air-liquid interface during
atomization [152]. SFL is an improved SFD technique.
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Spray freezing into liquid [153, 154, 155, 156] has been developed for poorly
water soluble or insoluble drugs. The advantage of the technique is that the aque-
ous protein solution is sprayed directly into the liquid nitrogen through an insu-
lated nozzle instead of into the cold vapor in SFD. Another improved technique
is spray-freezing with compressed CO, [135]. In this technique, biopharmaceutical
and excipients mixture is atomized, then mixed with compressed CO,, developing
a CO,-saturated aqueous solution. The droplets become frozen particles when they
are sprayed through a nozzle of a sprayer. The goal of the method is to obtain stable,
porous or hollow protein particles with a narrow size distribution [157].

4.6.4 Supercritical Fluid (SF) Technology

Supercritical fluid technique [135, 158] combines advantages of both liquid and gas.
The density values and solvation power of a solute can be adjusted by the SF’s criti-
cal temperature and pressure. The viscosity of the solutes in SF is lower than liquid,
while the diffusivity is higher. Most important is the SFs are highly compressible.
The most widely used SF is CO, because of its low critical temperature (31.2°C)
and pressure (7.4 MPa), non-flammable, non-toxic, and inexpensive. The only lim-
itation of SF CO, is its limited solvation power though it can be changed into an
advantage when the SF CO is used as an anti-solvent. The solvation power of a SF
CO;, can be adjusted by incorporating a small amount of volatile cosolvent, such as
acetone or ethanol, which acts as organic modifier.
In general, SFs can be divided into 3 groups.

e Precipitation from supercritical solutions composed of SF and solutions (rapid
expansion of supercritical solution, RESS).

e Precipitation from gas saturated solutions (precipitation from gas-saturated solu-
tion, PGSS).

e Precipitation from saturated solutions using SF as anti-solvent (including
gaseous anti-solvent, GAS; aerosol solvent extraction system, ASES; solution
enhanced dispersion by SF, SEDS and precipitation by compressed anti-solvent,
PCA) [159].

Recently innovative techniques have been developed where the SF CO; is used
to assist spray drying. The SF and the solution are intimately mixed and sprayed in
a drying atmosphere. This process allows the minimal decomposition of thermally
labile drugs, no need of high pressure vessel and as small as 3 pm particles.

4.7 Workers Safety

Although more than 35 countries have developed various R&D programs on nan-
otechnology since 2000, the importance of safety issues regarding nanoparticles
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was recognized only recently. In 2006, the National Institute of Occupational Safety
and Health (NIOSH) published a document, “Approaches to safe nanotechnology.”
It reviews potential risks of nanotechnology at workplace in order for workers,
employers, researchers, and the general public to be aware of the hazard of nano-
materials and to minimize exposure to nanostructures [160].

The way workers are exposed to engineered nanoparticles is directly related to
safety and health. The exposure routes can be inhalation, dermal, and ingestion,
which were reviewed already [8, 161, 162, 163]. Pathophysiology and toxicity of
nanoparticles in the body include reactive oxygen species generation, oxidative
stress, mitochondrial perturbation, inflammation, uptake by reticulo-endothelial sys-
tem, protein degradation/denaturation, brain/peripheral nervous system injury, DNA
damage, endothelial dysfunction/blood clotting, and alternation of cell cycle [8, 162,
164, 165]. Several possible mechanisms on nanoparticle-biological tissue interac-
tions have been suggested. They include UV activation leading to radical produc-
tion, impurities and defects to induce active electronic configuration, redox cycling
and catalytic activity of surface metals and polymers, and particle dissolution in
media [165].

Although the exact mechanism of nanoparticle toxicity is not understood
very well, several key factors have been suggested, which are size, surface
area/chemistry, solubility, and shape [164]. It was reported that smaller particles
were more penetrative into lung tissue than larger ones [166]. In addition, ultra-fine
particles (UFP, < 100 nm) rather than fine (< 2.5 wm) or coarse particles (2.5—
10 pm) could penetrate into even cells and be localized at mitochondria leading
to oxidative stress [167]. Surface area, which is related to the dose of nanoparti-
cles, is exponentially related to lung deposition of nanoparticle, tissue damage, and
inflammation [164]. Insoluble nanoparticles were known to be retained in lung tis-
sues and induce inflammation depending on the surface area, which was initiated
by oxidative stress [168]. Special interest on the shape was initiated from single-
walled nanotube (SWNT), which has 0.7-1.5 nm in diameter and several microm-
eters in length. In vitro incubation of SWNT with keratinocyte induced oxidative
stress [169] and inflammation [170]. Toxicological aspects of nanoparticles should
be considered before developing, preparing, and applying nanoparticles to avoid
unexpected hazardous conditions of workers and patients.

4.8 The Related Guidance

Because of extremely fast advances in nanotechnology, making appropriate guide-
line on the biocompatibility of nanoparticles in clinical applications seems relatively
very slow. A brief review of existing guidance would be beneficial for development
of better and safer nanoparticles.

(1) The International Standards Organization 10993 (1SO 10993/FDA #G95-
1/Japanese guideline
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1SO 10993 consists of 20 parts of harmonized standards for biocompatibility since
1986. However, the 1SO 10993 has too many details and it is not free to access so
that it may be considered only as a suggestion rather than a standard on biocom-
patibility of nanoparticles. The FDA published blue book memorandum #G95-1
entitled “Required biocompatibility training and toxicology profiles for evaluation
of medical devices” in 1995. It lists a brief and broad guideline for biocompati-
bility tests properly based on ISO 10993, which includes cytotoxicity, sensitiza-
tion, irritation or intracutaneous reactivity, acute system toxicity, sub-chronic toxic-
ity, genotoxicity, implantation, and hemocompatibility. The guideline also includes
detailed categories, such as contact time of engineered materials to host tissue and
device types to be applied. Differences among the international Standards Orga-
nization 10993 (ISO 10993), FDA #G95-1 and Japanese Guideline were com-
pared [171].

(2) A guideline about the critical path to medical device development [172]

The summary of this guideline published by the FDA in 2004 is shown in Fig. 4.1.
It shows the pathway to modify the nanoparticles for clinical applications. Three
important points to be considered are safety, medical utility, and industrialization.
Engineered nanoparticles should be safe enough to be applied to humans. The med-
ical utility means efficacy of the developed nanoparticles for the benefit of human
health. Moreover, if nanoparticles cannot be produced in large scale, it will be less
useful for the public health. At each stage of development, obtained results and data
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should be examined in terms of these three factors. The guideline did not present
any detailed protocols, but general test methods were described in the FDA memo-
randum No. G95-1.

(3) FDA guideline for industry and FDA staff [173]

Although appropriate guidelines and protocols for clinical applications of nanopar-
ticles are urgently needed, the difficulty is in that nanoparticles can not only be
used by themselves, but also be combined with different devices. Thus, a combina-
tion product defined by FDA in this guideline could be “a product comprised any
combination of a drug and a device, a biological product and a device, a drug and a
biological product, or a drug, device, and a biological product.” The report describes
that combination products may require more careful consideration during develop-
ment than conventional products due to their complexity. Such complexity may not
only be simply due to combination of devices, drugs, and biological products, but
also due to interactions between a combination product (as well as its constituents)
and biological tissues.

(4) FDA Guidance for industry, investigators, and reviewers [174] and (5) FDA
final guidance for industry and CDRH staff [ 175]

For clinical applications, additional guidelines were suggested in the report,
which described general approaches for investigating new drugs and for modifi-
cation of existing devices or protocols.
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Chapter 5
Biomedical Applications of Nanoparticles

G.L. Prasad

Abstract Nanomaterials hold immense promise for significantly improving exist-
ing diagnosis, therapy and designing novel approaches to treat a variety of human
ailments. While some of the applications of nanotechnology have been translated
into clinical settings, many more potential uses of nanomedicines have been demon-
strated in experimental systems. Since a variety of materials can be nanosized, the
scope of nanomedicine is also large and may even become larger. At the same time,
the impact of nanomaterials on cellular and animal models will need to be carefully
evaluated under both acute and chronic exposures at toxicological and pharmaco-
logical doses. It is extremely important to evaluate the basic issues such as the fate
of nanomaterials in biological systems, and how the cells and tissues react to the
exposure of nanomaterials in developing nanomedicines. This chapter will cover
some of these promises and future directions.
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5.1 Introduction

Nanomaterials, due to their unique physical, mechanical, and chemical properties,
are used in electronics and numerous consumer products. A diverse array of engi-
neered nanomaterials is being produced in hundreds of tons a year. The commercial
value of the nanotechnology industry, by some estimates, is anticipated to exceed
several hundreds of billions of dollars annually. Over the past few years, it has
become increasingly clear that nano-sized materials offer immense potential for var-
ious biomedical applications (Table 5.1). Consistent with this enthusiasm, a large

Table 5.1 Potential biomedical applications of some nanoparticles

Diagnosis and sensory applications

Material Application Comments
Quantum dots Imaging and tracking by Exhibit broad emission spectra; can be
fluorescence coupled to antibodies; toxicity a

concern

Iron oxide Imaging and tracking by Useful as multifunctional particles; can be

particles MRI used to generate local heating and kill

targeted tissue

Nanotubes Biomolecular sensors Cell tracking, optical labeling, MRI

contrast agent, Electrocatalysis (e.g.,
glucose sensing)
Gold shells Biomolecular sensors Electrocatalysis (e.g., glucose sensing)

Therapeutic applications

Ceo fullerenes Drug carriers Anti-oxidants and singlet oxygen
generator can be coupled to targeting
molecules and antimicrobial agents

Nanotubes Drug and gene delivery, Highly versatile particles can be used as
imaging and multifunctional agents for a variety of
photothermal ablation applications
of cells

Liposomes Drug delivery Versatile biodegradable multifunctional

particles, clinically approved

Dendrimers and Drug delivery Biodegradable polymers, slow release of

polymers drugs, alternatives for injectable drugs

Gold nanoshells Drug delivery Photothermal ablation of targeted tissue

can be used as reporters
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Table 5.2 Web resources: a selected list of web resources that cover biomedical aspects
nanotechnology. Resources such as the nanotechweb and Foresight Institute send a weekly elec-
tronic newsletter for registrants

Selected web resources and news letters

Nanotechnology Initiative (NI1H) http://nano.gov/

Institute of Physics (UK) http://nanotechweb.org

Foresight Nanotech Institute http://www.foresight.org/

Nanoscale Informal Science Education http://qt.exploratorium.edu/
Network (NISE) nise-resources/index.php

NanoEd Resource Portal http://www.nanoed.org/

number of publications and reviews covering therapeutic, imaging, reporting, and
sensory applications of Cg fullerenes, nanotubes, quantum dots, and other novel-
engineered materials have appeared. Several reviews [1, 2, 3, 4, 5, 6, 7, 8, 9, 10],
newsletters, and websites (Table 5.2) also describe and highlight advances in nan-
otechnology on a regular basis. In addition, other types of nano-sized materials such
as drug formulations including liposomal, dendrimeric, and other nanosized drugs
have also been pursued and determined clinically useful. The purpose of this chap-
ter is to cover the general aspects of biomedical applications, including some limi-
tations, of nanotechnology. Therefore, readers should refer to specific and original
research papers or reviews for an in depth discussion of a given application of a
nanoparticle.

Nanomaterials used for biomedical applications are composed of chemically
diverse compounds typically less than 100 nm in size. However, some investiga-
tors also refer to polymeric assemblies in the submicron (<1000 nm) size range
as nanomaterials. Some of the key advantages of hanomedicine over the traditional
approaches include enhancing the bioavailability of nanosized drugs and the oppor-
tunity to target and create multifunctional therapeutic agents. While the develop-
ment of “nano-machines” and “nano-robots” that are capable of performing multiple
tasks has been envisaged, the design and testing of such machines requires further
research [11, 12]. At present, there are numerous examples of the effective use of
nano-sized materials and some of them are in advanced clinical trials.

5.2 Nanomaterials of Biomedical | nterest

Nanomaterials are comprised of chemically diverse and heterogeneous compounds.
They may be engineered from pure carbon, inorganic or polymeric compounds.
Although a wide spectrum of applications of nanomaterials has been proposed,
significant clinical applications have been accomplished with polymeric nanoma-
terials that include biodegradable polymeric materials and liposomal preparations.
Biomedical applications of engineered carbon particles and inorganic materials
are being actively pursued, and require further validation before they can be used
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in a pre-clinical setting. Thus, nanomedicine, as a field, may be considered as an
emerging area.

The properties and reactivity of nanomaterials significantly differ from their
macromolecular counterparts. This distinctive property of nanoparticles is a conse-
quence of the display of more atoms on their surfaces as the particle size decreases
which is due to increased surface area. The molecules displayed on the surfaces
exponentially increase as the particle size decreases to <100 nm [13]. Conse-
quently, nanomaterials are likely to be more reactive, exhibit higher surface charge
and agglomerate into larger clusters or react with other materials. The size of the
nanoparticles is also an important determinant of their physicochemical properties
such as solubility, optical, and catalytic behavior. The surface reactivity of nanopar-
ticles is often modified by coating with various materials for stability and biocom-
patibility, and hence surface modifications are among the critical determinants of
the usage of nanomaterials. Whereas “pristine’ (unmodified) nanomaterials (such as
carbon nanotubes and fullerenes) have been synthesized and their properties have
been investigated in depth, advances in chemistry of nanomaterials have enabled
researchers to attach a large array of diverse molecules including proteins, peptides,
DNA, drugs, and carbohydrates. The ability to conjugate such functionalities has
heralded the area of nanomedicine, and is likely to result in creating multifunctional
nanoparticles. Here, we will consider some of the more established nanomaterials
and their respective biomedical applications.

5.2.1 Fullerenes

Ceo fullerenes, popularly known as Bucky balls [1, 14] are icosahedral (20 sided)
structures made of 60 carbon atoms (M, 720), organized in a spherical arrangement
of hexagonal and pentagonal groups. Cgo molecules are 0.7 nm in size and can
aggregate into larger crystalline structures, depending upon the medium in which
they are suspended [15].

Some of the interesting properties of Cgo include large electronegativity (high
electron affinity). Second, crystals of fullerenes have strong photoluminescence
(PL), which is sensitive to the exact “inter-ball” spacing, and this spacing is sen-
sitive to the local pH and oxygen content. Third, fullerenes are amenable for chem-
ical modifications which allow for the attachment of organic molecules of interest.
Various types of Cgg functionalization that enhance the hydrophilicity of fullerenes
have been described (reviewed in [1]). Hence, multiple reactive groups and func-
tionalities, including antibodies, drugs, and metals may be attached to the core of
Ceo particles. Fourth, some studies indicate that fullerenes may selectively accu-
mulate in tumors and are reported to be excreted in urine without accumulating
in the tissues [16]. Some studies also have reported that fullerenes cross and pro-
tect the blood brain barrier [17, 18], a property that can be exploited for certain
applications.

Among the various properties of fullerenes, redox properties (electron acceptor—
donor) have been extensively studied and are particularly attractive for biomedical
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applications. Theoretically, Cgo could accept up to 6 electrons. Due to their high
affinity for electrons, fullerenes, in their ground state, are highly efficient free rad-
ical scavengers and are often referred to as free radical sponges (Fig. 5.1) [1, 14].
Several groups of researchers have demonstrated that Cgo functions as a free radical
scavenger in cultured cells and animal models. For example, neuroprotective effects
[19, 20] and anti-apoptotic protective effects on UVB-irradiated keratinocytes [21]
of carboxyfullerenes are believed to be due to the ability of Cg to scavenge free radi-
cals. Further, derivatives of Cg are reported to protect against oxidative stress in cul-
tured cells as well as rat ischemia-reperfused lungs [20], and that induced by carbon
tetrachloride [22]. Further, several fullerene derivatives have been shown to effec-
tively suppress the formation of hydroxyl, superoxide and ter-Butryl hydroperoxide-
generated reactive oxygen species [23].

Fullerenes are efficiently converted to triplet states by UV and visible irradiation,
and the triplet states efficiently sensitize the generation of singlet oxygen which
is a highly reactive molecule [24]. Although there have been suggestions that this
property may be used for a variety of therapies [1], a significant amount of work
and rigorous evaluation of this evidence is necessary in this regard.

Advances in fullerene chemistry have allowed the introduction of numerous types
of functionalities. For example, chemotherapeutic drugs such as taxol have been
attached to the fullerene cage [25]. The advantages of using fullerenes as drug carri-
ers may include improved bioavailability and tissue uptake of drugs compared to the
free drugs. Fullerenes also have been modified to incorporate imaging agents such
as gadolinium [26]. Since fullerenes have been found to “fit” into the active site of
retroviral reverse transcriptase, they have been suggested as potential inhibitors of
HIV [1]. While these and other beneficial properties of fullerene derivatives have
been investigated in limited cell culture studies, more extensive evaluation in appro-
priate cellular and animal models is necessary.

5.2.2 Carbon Nanotubes
Nanotubes are another type of carbon nanoparticles that have been considered for

a variety of biological applications, including as biosensors, drug delivery devices,
and as therapeutic agents [27]. Carbon nanotubes are primarily composed of carbon
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atoms, arranged in benzene rings which form graphene sheets, and are rolled into
tubes [28]. The single-walled carbon nanotubes (SWNT) consist of a single layer
of graphene sheet, which are characterized by a high ratio of length over diame-
ter (known as the aspect ratio). Thus, SWNTSs can be several microns long with a
diameter in the range of a few nanometers. Multi-walled nanotubes (MWNTS), on
the other hand, consist of several concentric sheets, spaced at less than 1 nm. Nan-
otubes, because of their distinctive electrical, mechanical, and optical properties, are
well suited for several biological applications. For example, nanotubes exhibit out-
standing structural flexibility and fluidity and yet possess high mechanical strength.
Nanotubes exhibit useful Raman scattering and fluorescence emission in the near
infrared (nIR) spectrum between 900 and 1300 nm.

However, nanotubes in their unmodified state, like other carbon nanomaterials,
are poorly soluble in aqueous media and hence are incompatible with biological
media. Covalent and non-covalent modifications of nanotubes improve their com-
patibility with biological media. For example, biopolymers such as DNA (both
single- and double-stranded DNA) and amphiphilic peptides wrap around the nan-
otubes and the complexes exhibit sufficient solubility in aqueous media [6, 29]. Both
SWNTs and MWNTSs can be efficiently functionalized nanotubes either through
oxidative treatment using strong acids or through 1, 3-dipolar cycloaddition. Such
modifications have allowed further introduction of a wide range of functionali-
ties, including proteins, nucleotides, and other small molecular weight compounds.
Additionally, open-ended cylindrical carbon nanotubes have been shown to accom-
modate smaller molecules within their internal cavities. Further, the sidewalls and
the ends can be differentially functionalized as they are known to exhibit different
chemical reactivities, thus providing greater flexibility in the design of nanotube-
based drug delivery vehicles.

Owing to their electronic structure, optical properties in the nIR region and large
surface area for adsorption of chemicals or biological compounds, nanotubes are
considered to be useful electrochemical sensors for sensing key intracellular param-
eters in real time [6, 30]. Since, nanotubes fluoresce in the nIR region, the signal
can penetrate tissues without interference from the autofluorescence from tissues.
In the case of SWNTs, the sidewall modification is accomplished through non-
covalent functionalization which is necessary to preserve optical properties. The
potential of nanotubes as biological sensors has been amply demonstrated for mon-
itoring B-D-glucose concentrations that are physiologically relevant [31]. SWNTs
are functionalized with glucose oxidase, and ferricyanide is irreversibly adsorbed
onto the nanotubes which acts as an electron-withdrawing group and thus quenches
the inherent fluorescence signal of the nanotubes. The interaction of glucose oxidase
with its substrate, glucose, produces hydrogen peroxide, which in turn, reduces fer-
ricyanide resulting in the transfer of electrons and increases the fluorescent signal of
nanotubes. It has also been shown that the detection of the activity of glucose oxi-
dase and other related biocatalytic systems has been accomplished by amperometric
techniques with higher sensitivity. The high electrical conductivity of nanotubes, at
least in part, is hypothesized to account for the enhanced sensitivity of nanotube
biosensors [27].
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The superior mechanical strength of nanotubes may be exploited for various
applications in tissue engineering [6]. Whereas commonly used synthetic polymers
such as PLGA and PLA are biodegradable, they lack desirable mechanical strength.
In this context, the necessary structural reinforcement may be provided by carbon
nanotubes. However, it should be pointed out that nanotubes are not biodegradable
and hence are likely to persist in tissues. By employing substantially smaller quanti-
ties of nanotubes in the nanocomposites, it may be possible to reduce any potentially
hazardous effects of the nanomaterials and yet achieve the desired beneficial effects
of nanotubes. Several studies have shown that nanotubes support growth of smooth
muscle cells, fibroblasts, and neurons. Additionally, nanotube-containing compos-
ites have been reported to stimulate bone formation.

Functionalized nanotubes have been shown to reach intracellular compartments,
most likely through endocytosis [32]. These findings suggested that nanotubes
might serve as novel drug delivery vehicles. Indeed, some studies demonstrate that
nanotubes functionalized with antifungal drugs such as amphotericin B efficiently
transport the drug to mammalian cells. Further, nanotubes have been employed as
gene transfection vectors [29]. While some studies show that transfection of cells is
achieved through nanotubes, their utility for gene therapy in animal models remains
to be tested. Additionally, nanotubes may be used for photodynamic/photothermal
irradiation therapy of targeted tumor cells. In this strategy, nanotubes are targeted to
tumor tissue through a couple targeting molecules (such as tumor-specific antibody
or a small molecular compound) and are irradiated with an nIR laser. The nanotubes
absorb nIR energy, transduce the energy and cause local heating which kills the tar-
geted tumor tissues [32]. Whereas this approach is attractive, several issues includ-
ing the amount of irradiation, the number of nanotubes necessary for cell killing,
and the biodistribution of the nanotubes require additional consideration.

5.2.3 Quantum Dots

Inorganic nanoparticles such as semiconductor nanocrystals, commonly known as
quantum dots, have found numerous applications in biology and medicine as poten-
tial imaging agents [23, 33]. Typically inorganic nanoparticles contain a central
core that defines the reporting properties of the particle, which is surrounded by
an organic coating that protects the core from physiological environments; further,
several functionalities such as proteins and oligonucleotides have been linked to the
organic layer for targeting the nanoparticle (Fig. 5.2). Depending on the nature of
the central core, inorganic nanoparticles may serve as fluorescent probes (quantum
dots), Raman probes or as contrast enhancement agents to improve the sensitivity
of magnetic resonance imaging (MRI).

Quantum dots are fluorescent nanoparticles of about 2-10 nm in size [33]. The
central core is composed of hundreds to thousands of atoms belonging to the groups
of 11-VI (e.g., cadmium, selenium) or 1=V (e.g., indium) elements. The fluores-
cence emission spectrum of quantum dots is dependent on the size of the central
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Fig. 5.2 A schematic representation of inorganic nanoparticles (reprinted from [23])

nanocrystal core which can be adjusted by controlling the amount of precursors dur-
ing the synthesis. The modest quantum yield of the core nanocrystal is substantially
(up to 80%) enhanced by wrapping the core in a zinc sulfide shell. Since the core-
shell of the nanocrystal is hydrophobic, it is rendered water soluble with bifunc-
tional molecules (e.g., mercaptohydrocarbonic acid), surface silanization or coating
the surface with amphiphilic polymers. The quantum dot crystals are functionalized
by linking appropriate targeting molecules through either covalent or non-covalent
methods.

Quantum dots offer significant advantages over the conventional organic fluo-
rochromes. For example, quantum dots can be tuned to emit brighter fluorescence
from ultraviolet to nIR ranges (450-850 nm) with a narrow spectral emission peaks
and minimum overlap between the spectra. Compared to the organic dyes, quantum
dots have broader absorption spectra which enable them to be excited over a broad
range of wavelengths. These properties make quantum dots ideal probes for detec-
tion of multicolor imaging. Their extreme brightness coupled with the resistance to
photobleaching allows for their examination at relatively low laser intensities over
a long period, which is particularly suited for live-cell imaging. Notwithstanding
these useful properties, quantum dots also possess some disadvantages. Quantum
dots are known to “blink” — a property of quantum dots that describes alternating
between emitting and non-emitting states.

The strong fluorescence, photostability, tunability, and narrow emission spectra
of quantum dots led to the development of numerous biological applications,
wherein the nanoparticles are used as probes [34]. Most commonly, quantum dots
are conjugated to proteins, nucleic acids, or other biologically relevant molecules
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which serve as molecular targeting devices. Therefore, quantum dots can be
used in diagnosis and molecular detection, profiling, signal transduction studies,
and biomedical imaging. A number of biologically important molecular targets,
including tumor markers (HER2/neu oncogene) have been detected in immunohis-
tochemistry and immunoblotting methods. Several groups of researchers have taken
advantage of the size-dependent emission spectra of quantum dots and detected
multiple molecular targets [23, 35]. Thus, quantum dot conjugates should be
applicable for routine pathological evaluation of clinical samples. Further, quantum
dots of defined sizes (5-30 nm) have been suggested to be useful tools for mapping
the lymphatic system and sentinel lymph nodes, which are important in cancer
therapy.

5.2.4 Superparamagnetic Nanoparticles

Superparamagnetic nanoparticles contain a magnetically active metal core and are
widely used in MRI imaging for enhancing contrast [3]. Iron oxide containing super-
paramagnetic nanoparticles has been commonly used as the core particle. The size
and charge of iron oxide crystals and the nature of chemical coatings are some of
the key determinants of the utility of these nanoparticles. Because of the excellent
spatial resolution afforded by MRI, iron oxide nanoparticles have been used for
diagnostic imaging of tumors, inflammatory and degenerative diseases. Iron oxide
particles also have been conjugated to numerous antibodies for targeted molec-
ular and cellular imaging. In addition, iron oxide nanoparticles have been used
to label cells and track marked cells to determine the in vivo fate of the trans-
planted cells for future cellular therapies, and appropriate protocols for generating
magneto-fluorescent imaging particles have been recently described [36]. A more
novel approach is to employ iron oxide particles for magnetic induction of hyper-
thermia. Tissues containing targeted magnetic particles are subjected to a magnetic
field, “heating up” the tissues to 43-45°C which results in selective cell killing
[37]. Raman probes, which contain gold or silver as the metallic core, a reporter
molecule with a spectroscopic signature and silica shell for protein conjugation, are
also potentially useful ultra sensitive biological probes [23].

5.2.5 Polymeric Micelles and Liposomes

Among various nanoparticles, polymeric micelles and liposomes have been exten-
sively investigated and are particularly well suited for drug delivery purposes. Poly-
meric micelles contain a hydrophobic core for accommodating hydrophobic drugs,
which is surrounded by hydrophilic polymers (Fig. 5.3 [9]). Polymeric micelles,
which range in 20-250 nm in size, are typically assembled through biocompati-
ble block amphiphilic copolymers. Among the advantages of employing polymeric
micelles for drug delivery are relatively simple preparation, efficient drug loading
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Fig. 5.3 Design of polymeric micelles as drug and gene delivery vehicles (reprinted from [9])

with minimal modification and controlled drug delivery. Several drug formulations
of commonly used chemotherapeutic drugs such as doxorubicin and Paclitaxel are
currently in various phases of testing and clinical trials.

Liposomes, on the other hand, are spherically closed structures formed by phos-
pholipid bilayers with an aqueous phase inside and between lipid bilayers [38]. The
sizes of liposomes are variable with unilamellar liposomes smaller (100-800 nm)
than multilamellar liposomes (up to 5000 nm), which consist of several layers of
concentric lipid bilayers. Both hydrophilic and hydrophobic drugs can be trapped in
liposomes, and the enclosed drugs are generally protected from the external envi-
ronment with longer circulation times (enhanced bioavailability). By varying the
size and composition of liposomes it is possible to control the properties of lipo-
somes. Further, the basic liposomes can be modified by introducing antibodies or
small molecules such as folate for targeting tumors or may be used for diagnostic
imaging. Currently, several important drugs modified as liposomal formulations are
undergoing clinical evaluation. For example, polyethylene glycol-doxorubicin lipo-
somes, known as Doxil, are currently used to treat several cancers. Treatment with
Doxil has been shown to reduce cardiotoxicity generally associated with doxoru-
bicin treatment.

5.3 Factorsthat Require Considerations for Using
Nanomaterials for Biomedical Applications

While it is abundantly clear that nanomaterials hold immense promise in the diag-
nosis and treatment of a number of human ailments, several concerns need to be
addressed first. They include potential toxicity, metabolism, stability, clearance
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mechanisms, and in vivo detection. Additionally, one must take into account the
parameters that may enhance or limit tissue uptake of nanomaterials.

5.3.1 Nanotoxicity

Exposure of naturally occurring airborne nanoparticles to humans has been known
to occur for a long time. However, exposure to nanomaterials from industrial activity
coupled with a profound increase in the synthesis of a wide array of nanomaterials
and their uses raises particular safety concerns [13, 39, 40]. The unique properties
of nanomaterials (surface area and size distribution, chemical properties, and sur-
face structure) could elicit different, and yet potent, biological responses from their
macro-sized counterparts [12]. Indeed, these are properties which make nanomate-
rials unique and attractive for biomedical applications. Some properties of nanoma-
terials that could influence their toxicity are listed in Table 5.3. Considering the ever
increasing use of nanomaterials in various industrial and consumer products, and
the promise they hold in improving diagnosis and treatment of various human ail-
ments, it is necessary to evaluate their potentially hazardous effects. The exposure of
nanoparticles to humans may conceivably come through the following paths: acci-
dental exposure, environmental exposure arising from industrial waste discharge,
exposure from consumer goods consisting of nanomaterials, or through administra-
tion of nanomedicines.

Nanomaterials may gain entry into human systems through inhalation, ingestion,
or through dermal routes. Deposition and the physiological consequences elicited
by inhaled nanoparticles are dependent on the size, shape (e.g., spherical, fibrous),
surface charge, and the aggregation state of the nanoparticles. For example, smaller
(<100 nm) particles are likely to travel deeper into the lung and deposit into the alve-
olar region. Particles deposited in the upper airways are cleared mainly through the
mucociliary escalator [13, 39], whereas materials deposited in the deeper regions
including alveoli may translocate to extrapulmonary sites through a variety of
mechanisms across the pulmonary epithelium, entering systemic circulation. Such
translocated nanomaterials may exert deleterious effects on the cardiovascular sys-
tem. The observed adverse effects are hypothesized to result from the inflamma-
tory responses elicited by the persistence of pulmonary nanoparticles or the sys-
temic effects (hemostasis or cardiovascular integrity). Further, inhaled manganese

Table 5.3 General
characteristics of
nanoparticles which
determine their toxicity
(summarized from [40])

Particle number and size distribution

Dose of particles to target tissue

Surface chemistry

Aggregation/agglomeration of engineered nanoparticles
Surface charge

Particle shape and/or electrostatic attraction potential
Method of particle synthesis and post-synthetic modification




100 G.L. Prasad

dioxide nanoparticles or intranasally deposited gold nanoparticles have been shown
to translocate to olfactory bulbs and localize to mitochondria.

In contrast to the studies on inhaled nanoparticles, there is limited information on
how ingested materials or those entering the gastro intestinal system, and it appears
to depend upon the composition and size of the particles. Whereas most ingested
nanoparticles are excreted in feces, a notable quantity of smaller nanoparticles has
been reported to re-enter systemic circulation and organs. For example, whereas a
large portion of orally administered Cg fullerenes to rats are excreted through feces,
some of the ingested material is re-absorbed. Similarly, nanosized titanium oxide
and polysterene beads are found to be taken up from the intestine in a size-dependent
fashion. However, radioactive colloids (technetium-99m labeled sulfur colloid) have
been orally administered and imaged through the Gl tract. These colloidal particles
(10-900 nm) have not been known to absorb from the GI tract, but are excreted
in the feces (Personal communication, Dr. L. C. Knight, Temple University School
of Medicine). Therefore, size alone may not determine the uptake or excretion of
nanosized materials.

Absorption through the skin is another important route of exposure of nanomate-
rials. Considering that titanium and zinc oxide nanoparticles are used as components
of sunscreens and lotions, several studies were performed to test whether they pene-
trate skin. In the case of titanium oxide nanoparticles, the method of administration
(emulsion) appears to influence dermal absorption. Further, evidence was presented
that hair follicles may in fact serve as a repository of topically applied nanoparticles.
The available literature also suggests that uptake of nanoparticles through the skin
is size dependent, with nano-sized particles more likely to penetrate deeper than the
larger particles.

5.3.2 Cellular Responsesto Nanoparticle Exposure

Given that nanoparticles markedly differ in their physicochemical properties, they
are anticipated to elicit a wide range of cellular responses. Since cellular responses
to nanoparticles (or any other agent) are measured under controlled conditions,
among other numerous factors, particular attention must be paid to the qual-
ity of the nanomaterials preparation, use of appropriate cell type, culture condi-
tions, and interpretation of the experimental results. It is becoming increasingly
clear that nanoparticle exposure, among other things, may cause oxidative stress,
which could potentially account for many of the adverse effects of nanoparticles
(Fig. 5.4 [41]).

Toxicity, or lack of it, of Cgp fullerenes has been the subject of vigorous debate.
Whereas Cgp has been reported to be extremely toxic to a variety of cultured cells
due to its ability to cause peroxidation of membrane lipids, other studies demon-
strated that culturing cells with Cgo does not cause detectable cytotoxic effects
[42]. Cells cultured in presence of several hundred micrograms of Cg did not show
abnormalities in cell proliferation (Fig. 5.5), cell cycle distribution, cell spreading,
and cytoskeletal reorganization. Recent studies suggest that the reported cytotoxic
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effects of Cgo might be attributed to the solvents (particularly, tetrahydrofuran) used
to prepare Cgo. Further, studies using animal models have also substantiated that
Ceso might not be toxic. Whereas these studies strongly suggest that Cg is not toxic,
further studies are clearly necessary in this regard.

Studies performed with other nanomaterials (such as nanotubes) are less con-
troversial. Nanotubes have been reported to cause pulmonary and dermal toxicity

Absorption(AU)

% of Cells
SR EEELY

s G2-M
Cell Cycle Phase

o 0 40 60 80 100 120 140
Hours in Culture

Fig. 5.5 Co-culturing MDA MB 231 breast cancer cells with un-modified C60 do not impact cell
proliferation (left panel) or cell cycle progression [42]. MCF 10A cells were cultured either in the
absence or presence of methanol Cgy and cell proliferation was assayed by crystal violet staining.
4 Control, no Cgo, B 10 g Ceo,a 50 g Ceo, X 250 g Ceo. The absorbance of extracted dye
is directly proportional to cell growth. Cell cycle analyses right panel were carried out by flow
cytometry. MDA MB 231 cells were either untreated (open box) cultured with varying amounts
10 (gray [J) 50 (patterned [J) and 100 p.g (filled M) of Cgo for 48 hrs and analyzed for cell cycle
progression by flow cytometry
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(reviewed in [13]). Pulmonary instillation of nanotubes in rodents is reported to
result in granuloma formation, whereas exposure of keratinocytes is known to cause
oxidative stress and proinflammatory effects. More recent studies [43] have sug-
gested that surface properties and the presence of impurities (such as metals in nan-
otubes) are important determinants of cytotoxic responses and showed that SWNTs
induce cell death in fibroblasts, possibly through disruption of the cytoskeleton and
interference with cell adhesion.

Because of the advantages that quantum dots offer as biological probes, their
effects on cell physiology have been examined. While assessing the effects of quan-
tum dots, it is important to consider the composition, size, charge, and the nature of
coating material. Further, oxidative, photolytic, and mechanical properties of quan-
tum dots as well as the dosage are key determinants of the biological consequences
due to quantum dot exposure [44]. It is also possible that quantum dots may be
degraded intracellularly and release toxic metals and capping materials. In contrast,
iron oxide particles have not been known to be associated with sub-acute or acute
toxicity and are considered to be biocompatible [45, 46].

It is, however, important to recognize that the quantities of Cgy or other engi-
neered non-biodegradable nanomaterials used in these cytotoxicity studies are sub-
stantially higher and are likely to differ from the amounts contained in future
nanomedicines, which would be administered at much lower amounts than those
used for toxicity studies. For example, the molar quantity of nanomaterials may
constitute a relatively small portion of nanomedicines, as the biologically active
agents (such as drugs) would also be components of the nanoconjugates, which
are anticipated to be the bioactive material. Nanomedicines will be administered
at therapeutic and diagnostic doses, but not at the higher amounts used in toxico-
logical studies. Hence, the exposure of nanoparticles to tissues will be significantly
less from biomedical uses. Nevertheless, evaluation of potential cytotoxic effects
of nanomaterials is important and relevant as accidental, occupational, or chronic
exposure from the environment remains a possibility.

5.3.3 Detection of Nanomaterials

It is important to correlate the biological/cytotoxic effects of nanoparticles with the
actual intracellular and in vivo quantities that persist upon administration. Whereas
a number of techniques, such as electron microscopy or atomic force microscopy,
are used to detect nanoparticles in vitro, these techniques may not be suitable or
convenient for the routine detection of nanoparticles and their load in tissues. While
nanoparticles labeled with radioactivity, fluorescent probes, or chemicals (includ-
ing drugs, enzymes, biotin, or other reagents) may be readily monitored, it is often
difficult to detect low concentrations of unmodified nanoparticles or the metabo-
lites of the conjugated particles. It is also important to consider whether in vivo
interactions of nanoparticles (or their metabolites) with serum proteins or tissues
would alter their physicochemical properties, thus, rendering their detection more
difficult. Emerging research points to some success in this direction. For example,
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recent work demonstrates that the intrinsic nIR fluorescence may be useful to detect
and follow the pharmacokinetics of SWNTs [47]. Similarly HPLC detection of
nanogram quantities of Cgg fullerenes from protein containing samples has been
reported [48]. In addition, this method might be applicable for the detection of Cg
in plasma and skin samples.

5.3.4 Uptake and Clearance of Nanoparticles

The successful application of nanoparticles for diagnostic and therapeutic pur-
poses is dependent on a number of cellular and physiological factors which have
been established for conventional drugs. Some of the desired characteristics of
nanomedicines include: slower clearance from circulation, improved bioavailability,
stability, uptake by target tissue, and entry into the appropriate subcellular compart-
ment. These factors are elegantly summarized by Lacerda et al. (Fig. 5.6; [7]).
Several laboratories have shown the presence of intracellular nanoparticles.
Although detailed mechanisms of cellular uptake and intracellular fate of the
nanoparticles remain unknown, functionalized SWNTs [49] and gold nanoparticles
[50] appear to enter the cells through receptor-mediated endocytic pathways. Thus,
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Recognition by reticuloendothelial system
Opsonisation Tissue Endothelium

Blood flow dynamics

Target tissue

Dilution Hydrostatic pressure
Target cell

Binding
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Fig. 5.6 Factors influencing the therapeutic efficiency of nanoparticles (reprinted from [7])
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it is generally accepted that particles <100 nm are taken up by endocytic pathways
and larger particles are phagocytosed [51].

For any drug to achieve the desirable therapeutic effect, it is necessary to remain
in the circulation long enough and reach the required concentration to exert its phar-
macological effects. However, particulate drugs are rapidly removed from circu-
lation by mononuclear phagocytic systems, also known as the reticulo endothelial
system (RES) [51]. Nanoparticles are rapidly coated with serum proteins in a pro-
cess known as opsonization and are ingested by phagocytes via endocytosis. If the
particle is biodegradable, the phagocytes break them down via lytic mechanisms.
However, non-biodegradable particles such as engineered nanoparticles depend-
ing on their size are cleared through renal systems or sequestered in the liver or
spleen. Hydrophobic particles are more rapidly opsonized than hydrophilic particles
as serum proteins show enhanced absorbability to the former type of particles.
Therefore, to evade or slow the opsonization process, particles are modified by sur-
face adsorption or grafting hydrophilic compounds such as PEG. Consistent with
these general principles, earlier studies have shown that PEGylated Cg fullerenes
are accumulated in liver [16], whereas functionalized nanotubes are excreted in
urine [52].

5.4 Current and Potential Applications of Nanoparticles

From the foregoing discussion it is clear that a number of factors will influence the
use of nanoparticles for biomedical applications. Here, specific uses of nanoparticles
for the treatment and diagnosis of two human diseases will be considered.

5.4.1 Cancer Therapy

In most cases, cancer-related deaths occur due to the failure of chemotherapy and/or
radiation therapy of the metastatic disease. Therefore, for a successful cancer treat-
ment, it is critical to detect tumors early on during the disease progression, detect
and ablate tumor metastasis. Nanotechnology has several applications in improv-
ing cancer therapy and some nanosized drugs are currently in clinical trials [2].
Prominent among those are liposomal doxorubicin and albumin conjugated Pacli-
taxel, which have been shown to reduce toxicity due to the adverse side effects of
respective drugs. Liposomal doxorubicin (Doxil) has been shown to be an effec-
tive anti-neoplastic agent with improved biodistribution (longer plasma circula-
tion times) which reduces severe dose-limiting cardiotoxicity associated with the
drug treatment [53]. Like many drugs, Paclitaxel is poorly soluble in water and is
administered as a formulation with Cremophor EL (polyethoxylated castor oil) and
causes side effects such as hypersensitivity and nephrotoxicity and neurotoxicity.
While several different formulations have been made to minimize the toxic effects
of this drug, albumin-conjugated nano-sized paclitaxel (Abraxane), a Cremophor
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free-formulation, has been shown to be well-tolerated and yet more effective than
the conventional drug [54]. Additionally, a number of nanosized formulations of
other chemotherapeutic drugs such as 5-fluorouracil and camptothecin are being
tested. Further, new formulations of aqueous compatible nanosized drugs (such as
paclitaxel) are being developed through supercritical fluid technologies [55].

In other applications, the unique properties of nanoparticles are being exploited
for the treatment of cancer. In this strategy, nanoparticles serve as multifunctional
therapeutic agents, instead of being utilized as simple passive carriers of cargo.
These multifunctional nanoparticles can potentially carry drugs to the target tis-
sue, image the target tissues, and release the cargo in response to a signal or upon
reaching appropriate cellular compartment. Further, the targeted nanoparticles may
be used as therapeutic agents. Targeting the nanotherapeutic may be achieved by
coupling a specific antibody or a small molecular weight ligand (e.qg., folic acid) that
recognizes a protein selectively expressed on tumor cells [2]. Magnetic iron oxide
particles [37], nanotubes [29], or other particles may be used as core nanoparticles,
and the imaging can be accomplished through MRI (with iron oxide nanoparti-
cles) or fluorescence methods if quantum dots [23] are incorporated into the multi-
functional nanoparticle. For example, optical stimulation with an nIR laser of folic
acid receptor targeted SWNTSs has been shown to act as a trigger for the release
of the internalized nanotube attached cargo (in this case oligodeoxy nucleotides)
[32]. Further, nIR was also used to generate local heating and then cause photother-
mal ablation of the targeted cell populations. In another example, tumor-targeting
antibody, Herceptin, which is prepared against HER2 receptor (amplified in breast
tumors), was coupled to gold nanoshells. This enabled the gold nanoshells to be tar-
geted to HER2 overexpressing tumor cells and when irradiated with nIR, tumor cells
were specifically killed [56]. Further, the ability of fullerenes to generate highly
reactive singlet oxygen has also been tested as a potential photodynamic therapy
of tumor cells [16]. Thus, the concepts of multifunctional nanoparticles for cancer
therapy have been validated in experimental systems.

5.4.2 Diabetes

Diabetes mellitus is a serious metabolic disease in which patients are unable to regu-
late blood glucose levels. Management of both Type I (insulin-dependent) and Type
Il (insulin-independent) diseases requires a careful maintenance of blood glucose
levels. Type | patients require insulin administration whereas the Type 1l disease is
managed by drugs which reduce glucose and insulin. Nanotechnology-based solu-
tions are also being explored in the management of diabetes. Nanoparticle-based
biomolecular sensors have been developed to measure glucose levels accurately
in blood. For example, as discussed above, glucose oxidase coupled to nanotubes
have been shown to serve as catalytic biomolecular sensors [31]. Several types
of biodegradable nanoparticles have been developed as drug carriers for oral [57]
and transdermal delivery [58] of insulin as an alternative to insulin injections.
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Biocompatible and biodegradable pH-sensitive alginate nanospheres which release
insulin for extended periods in less acidic intestinal environments, but not in acidic
gastric environments, are being developed [57].

5.5 Summary

Nanomaterials hold immense promise for significantly improving existing diagno-
sis, therapy and designing novel approaches to treat a variety of human ailments
(discussed here was specifically cancer and diabetes). While some of the appli-
cations of nanotechnology have been translated into clinical settings, many more
potential uses of nanomedicines have been demonstrated in experimental systems.
Since a variety of materials can be nanosized, the scope of nanomedicine is also
large and may even become larger. At the same time, the impact of nanomaterials
on cellular and animal models will need to be carefully evaluated under both acute
and chronic exposures at toxicological and pharmacological doses. As this chapter
indicated, much more work is needed, especially in nanotoxicity, for this field to
advance. It is extremely important to evaluate basic issues (such as the fate of nano-
materials in biological systems, and how the cells and tissues react to the exposure
of nanomaterials) in developing nanomedicines. This is the next frontier.

Acknowledgments | thank Dr. Linda Knight, Professor of Diagnostic Imaging at Temple Uni-
versity School of Medicine, for critical reading and helpful suggestions with the manuscript.
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Chapter 6
Unexpected Reactions by In Vivo Applications
of PEGylated Liposomes

Tatsuhiro Ishida and Hiroshi Kiwada

Abstract PEGylated liposome, a liposome coated with polyethylene glycol (PEG),
is understood to be biologically inert and, therefore, a suitable vehicle for in vivo
applications. The most successful example is the doxorubicin-containing PEGy-
lated liposome, known under the commercial name Doxil/Caelyx for cancer ther-
apy. However, several researchers have found evidence that unexpected immune
responses occur even to such polymer-coated liposomes after intravenous injection
not only in animals but also in humans. An understanding of the immunological
and pathological factors that control the pharmacokinetic and biological behavior of
PEGylated liposomes is crucial for the design and safety of a system with optimal
therapeutic and/or diagnostic performance. In this study, the interaction of PEGy-
lated liposomes within the biological milieu following parenteral administration is
discussed.
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6.1 A Long-Circulating Liposome, PEGylated Liposome

The rapid elimination of liposomes from blood circulation, along with its predom-
inant uptake by the liver and spleen, frustrated early attempts to deliver liposomal
drugs to tissues outside the mononuclear phagocyte system (MPS). Due to its unique
physical properties, polyethylene glycol (PEG) is commonly used to improve the
stability and biological performance of colloidal drug carriers such as liposomes.
The typical structure of a PEGylated liposome is described in Fig. 6.1. The grafting
of PEG to the surface of liposomes has been clearly shown to extend the circula-
tion lifetime of the liposome. Compared to their counterparts without PEG, these
formulations showed extended circulation times in all mammalian species investi-
gated, including mice, rats, dogs, and humans (Blume and Cevc 1990; Klibanov
et al. 1990; Allen et al. 1991, 2002; Maruyama et al. 1992; Woodle and Lasic 1992;
Woodle 1998). For PEGylated liposomes in the size range of <100 nm in diame-
ter, circulation half-lives of 16-24 h have been described in rodents, and as high
as 45 h in humans (Allen et al. 1991; Gabizon et al. 1994; Northfelt et al. 1996).
PEG’s ability to fulfill this role has been attributed mostly to its physical properties
such as unlimited water solubility, large excluded volume and high degree of con-
formational entropy (Lee et al. 1995; Elbert and Hubbell 1996). To this point, the
link between the unique physical properties of the polymer and extended circulation
lifetimes has been largely cited as the reason behind the reduction or prevention of

Fig. 6.1 A typical structure of a PEGylated liposome. The inner

circle is the liposome while the outer blue curved lines represent
the PEG functionalization 80-120nm
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protein adsorption to the liposomal surface (Needham et al. 1992; Woodle and Lasic
1992; Torchilin et al. 1994).

6.2 Passive Targeting of PEGylated Liposomes

An advantage of increased circulation times of liposomes is the increased oppor-
tunity for selective localization of liposomes to diseased tissues such as solid
tumors and regions of infections (Jain 1987; Papahadjopoulos et al. 1991; Bakker-
Woudenberg et al. 1992; Vaage et al. 1993, 1997; Wu et al. 1993; Gabizon et al.
1994; Forssen et al. 1996). This process is known as “passive targeting,” and it
is attainable due to the permeability difference in normal vs. tumor or inflam-
matory vascular endothelium. In most tissues, the vascular endothelial cells that
line the capillaries form tight junctions and are, therefore, relatively impermeable.
However, in the inflammatory tissues, the permeability of the vascular endothelium
increases through the action of inflammatory mediators. In this case, gaps between
endothelium cells occur that are sufficiently large in diameter to allow liposomes
to extravasate into tissue interstitium (Lum and Malik 1994). As solid tumors grow,
they require additional blood vessels to supply oxygen and nutrients. As new capil-
laries sprout into the growing tumor, in a process called angiogenesis, they are even
more “leaky” (Jain 1987). In the angiogenetic areas, the endothelial fenestrations
can reach up to 800 nm in diameter (Yuan et al. 1995). Long-circulating liposomes
extravasate through leaky capillaries into the tumor interstitium in greater quanti-
ties than in regions with normal vasculature. As a result, concentrations of liposo-
mal anti-cancer drugs or anti-inflammation drugs can be increased in such regions
several-fold compared to those observed with the free drug.

6.3 Clinical Applications of PEGylated Liposomes

PEGylated liposomes have been under clinical investigations for many years. The
only commercially available PEGylated liposome formulation is Doxil/Caelyx, a
formulation of PEGylated liposomes that contain DXR (Fig. 6.1). The pharmacol-
ogy of PEGylated liposomal DXR gives rise to a compound with major advantages
that could potentially improve therapeutic response while decreasing toxicity. The
encapsulation of DXR into PEGylated liposomes results in a longer circulation time
in the body compared with the conventional formulation (Gabizon 2001; Sharpe
et al. 2002). The first- and second-phase half-lives of PEGylated liposomal DXR
are approximately 5 and 55 h, respectively, compared with approximately 10 min
and 30 h, respectively, for conventional DXR (Hussein et al. 2002). As a result, the
PEGylated liposomal DXR formulation can be administered at a lower dose than
the conventional formulation, potentially reducing the incidence of anthracycline-
induced toxicities such as nausea, vomiting, alopecia, myelosuppression, and
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cardiac toxicity (Safra et al. 2000; Hussein et al. 2002; Safra 2003; O’Brien
et al. 2004). The lower toxicity is also related to the encapsulation of DXR into
microscopic liposomes. In addition, the PEGylated liposomal DXR preferentially
penetrates via angiogenic vasculature with increased microvascular permeability
and accumulates in tumor tissue. The increased exposure of tumor cells to DXR
released slowly from the accumulated liposomes has the potential of increasing
tumor cell Killing capacity, theoretically resulting in improved response rates. The
longer half-life of the DXR also allows for shortened infusion times and decreased
doses, compared with the lengthy infusion times associated with conventional DXR
(Hussein et al. 2002). Initially, the indication of this formulation was the treat-
ment of AIDS-related Kaposi’s sarcoma (Grunaug et al. 1998; Krown et al. 2004).
Recent studies have reported the use of Doxil for the treatment of several other
malignant diseases like non-small cell lung cancer, breast cancer, ovarian cancer,
prostate cancer, endometrial cancer, hepatocellular carcinoma, and soft-tissue sar-
coma (Muggia et al. 1997; Koukourakis et al. 1999; Chidiac et al. 2000; Halm et al.
2000; Hubert et al. 2000; Lyass et al. 2000; Markman et al. 2000; Escobar et al.
2003; Orditura et al. 2004; Coleman et al. 2006). Most recently, several combina-
tion regimens incorporating Doxil/Caelyx and free forms of anticancer drugs, such
as capecitabine, carboplatin, cyclophosphamide, gemcitabine, mitomycin C, pacli-
taxel, topotecan, temozolomide, and vinorelbine, are continuously being evaluated
in clinical trials (Katsaros et al. 2005; Gnad-Vogt et al. 2005; Mirchandani et al.
2005; Overmoyer et al. 2005; Poh et al. 2005; Bourgeois et al. 2006; Caraglia et al.
2006; Verhaar-Langereis et al. 2006).

PEGylated liposomes have also been used as a carrier for radiolabels to aid in
the display of pathological processes scintigraphically (Laverman et al. 1999; Oku
1999; Boerman et al. 2000). For the last three decades, various approaches have
been developed to radiolabel PEGylated liposomes with gamma-emitting radionu-
clides such as Ga-67, In-111, and Tc-99m. A variety of preclinical studies have
demonstrated the potential of PEGylated liposomes to image tumor or infectious and
inflammatory foci. In a clinical study with Tc-99m-HMPAO-PEGylated liposomes
(Dams et al. 2000b), liposome scintigraphy showed high sensitivity (94%) and
specificity (89%) in 35 patients who were suspected of having infectious or inflam-
matory disease. But adverse effects (flushing and chest tightness) were observed in
one patient, though both symptoms quickly disappeared by lowering the infusion
rate. Then, the same group initiated a study in patients suspected of having an exac-
erbation of Crohn’s disease (Brouwers et al. 2000). While inflamed colon segments
were successfully shown in 7 patients, only a moderate relation between the scan
grading and the conventional verification procedures (endoscopy or radioscopy)
was found. Unfortunately, the clinical study was terminated because of unaccept-
able adverse effects (tightness in the chest and/or stomach region, mild hyperventi-
lation, and erythema of the face and upper extremities) in 3 out of 9 patients. These
studies indicate that radio-labeled PEGylated liposomes can offer an effective and
convenient method for the scintigraphic display of focal infection and inflammation.
However, the adverse reactions that were encountered impede the further use of this
formulation in patients.



6 Unexpected Reactions by In Vivo Applications of PEGylated Liposomes 115

6.4 Accelerated Blood Clearance (ABC) of PEGylated
Liposomes upon Repeated I njections

6.4.1 ABC Phenomenon

In the absence of encapsulated or surface coupled proteins, PEGylated liposomes are
generally considered to be non-immunogenic (van Rooijen and van Nieuwmegen
1980; Alving 1992; Harding et al. 1997). However, it recently has been demon-
strated that upon repeated injections, the circulation time of PEGylated liposomes
dramatically decreases while their uptake by the liver increases concomitantly
(Dams et al. 2000a; Ishida et al. 2003a, b). This so-called ABC phenomenon was
observed in rats, mice, and a Rhesus monkey (Dams et al. 2000a; Laverman et al.
2001; Ishida et al. 2003a, b). It was demonstrated that the extent of the ABC phe-
nomenon, induced following prior injection of PEGylated liposomes, depends on
the time interval between the first and second injections (Fig. 6.2) (Ishida et al.
2003b, 2006¢). When the second dose was given at Day 3, post-first injection, the
elimination rate nearly doubled compared to the control. At 4-7 days post-first injec-
tion, a further increase in blood clearance was observed. Beyond 8 days after the
first injection, the elimination rate dramatically decreased, but significantly ABC
was still observed even at 14 days post-first injection (Fig. 6.2A). The accumulation
of the second-dose PEGylated liposomes in the liver gradually increased in relation
to the time elapsed after the first injection, reaching a maximum level (7- to 8-fold
larger than the control) at 4-6 days post-first injection, and gradually decreasing
after Day 10 post-first injection. However, even at Day 14, significantly enhanced
liver accumulations (5-fold larger than control) were still observed. Significant accu-
mulations of the PEGylated liposomes were observed in the spleen at Days 3 and 4
post-first injection, although at substantially lower levels than in the liver and hardly
different from the control values (Fig. 6.2B). The intrahepatic distribution of the
PEGylated liposome was studied with a transmission electron microscopy (TEM).
A single injection of PEGylated liposomes showed low accumulations in the liver
2 h after injection (Fig. 6.3A), in accordance with established long-circulating prop-
erties of such liposomes. After induction of the ABC phenomenon, however, rapid
massive internalization of PEGylated liposomes by the macrophages of the liver
(Kupffer cells) was observed at 2 h post-injection (Fig. 6.3B and C). These findings
clearly indicate that, under conditions in which the ABC phenomenon is induced,
PEGylated liposomes can still react with the biological milieu, despite their estab-
lished steric stabilization with PEG.

6.4.2 Estimated Underlying Mechanism for the ABC Phenomenon

The mechanism underlying the induction of the so-called ABC phenomenon upon
repeated injection has been investigated. Dams et al. (2000a) found that the enhanced
blood clearance of the PEGylated liposomes was also observed in rats after transfusion
of serum from rats that had received PEGylated liposomes 1 week earlier, indicating
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Fig. 6.2 Accelerated blood
clearance and enhanced organ
uptake of a second dose of
PEGylated liposomes. Rats were
pretreated with PEGylated
liposomes (lipid dose,

0.001 wmol/kg). (A) Blood
clearance of a second dose of
radio-labeled PEGylated
liposomes (5 wmol/kg).

(B) Hepatic and splenic
accumulation at 24 h following
the injection. Each value

represents the mean + SD (n=3).

p values apply to differences
between the control and treated
rats. *p< 0.05, **p< 0.005,
Cited from Ishida et al. (2005)
with permission from Elsevier
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involvement of a soluble serum factor in that process. This observation has been con-
firmed (Ishida et al. 2003a). In addition, Dams et al. (2000a) showed that the serum
factor is a non-immunoglobulin (IgG or IgM), and a heat-labile, molecule co-eluted
on asize exclusion column with a 150-kDa protein. By contrast, recent studies clearly
showed that upon repeated injection, PEGylated liposomes produced an abundance of
anti-PEG IgM and consequently enhanced blood clearance of subsequently injected
PEGylated liposomes as a result of anti-PEG IgM-mediated complement activation
under certain conditions (Fig. 6.4) (Ishida et al. 2003a, b, 2005, 2006a; Wang et al. in
press). Itseemsthat an increase in the promotion of anti-PEG IgM production could be
the trigger that converts the PEGylated liposome from a non-harmful into a potentially
harmful pathological formulation.
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Fig. 6.3 Electron micrographs of rat livers after intravenous administration of 5 pwmol/kg PEGy-
lated liposomes as a second dose, 5 days after injection of saline (A) or a pre-dose of 0.001 wmol/kg
PEGylated liposomes (B and C). (A) Kupffer cell, 2 h after injection of 5 umol/kg PEGylated lipo-
somes into a rat that had received saline 5 days earlier; bar = 200 nm. (B and C) Kupffer cells, 2 h
after injection of 5 wmol/kg PEGylated liposomes into a rat that had received PEGylated liposomes
(0.001 wmol/kg) 5 days earlier; bar in (B) = 1 pm. (C) higher magnification view of the region
marked in (B); bar =200 nm. K, Kupffer cell, (Cited from Ishida et al. (2006c) with permission
from Elsevier)

Fig. 6.4 Representation of the Secretion of anti-PEG IgM in response to
sequence of events Ieading from first injected PEGylated liposome

anti-PEG IgM induction to accelerated

clearance of PEGylated liposomes. il‘%ﬁ‘
Cited from Ishida et al. (2006¢) with

permission from Elsevier
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Cheng and co-workers (Cheng et al. 1999; Tsai et al. 2001) demonstrated that
a monoclonal antibody (IgM) against PEG obtained following immunization with
PEGylated B-glucuronide recognizes the repeating O—CH,—CH, subunit (16 units)
of PEG. Thus, the anti-PEG IgM produced by intravenous injection of PEGylated
liposomes, if it is monoclonal, may bind to the similar epitope of PEG on the lipo-
some. Generally, IgM antibodies tend to be of low affinity. However, IgM molecules
form pentamers whose ten antigen-binding sites can bind simultaneously to multiva-
lent antigens. This compensates for the relatively low affinity of the IgM monomers
by multipoint binding, conferring high overall avidity. The high avidity, a basic
characteristic of 1IgM, might provide sufficiently strong binding of the generated
anti-PEG IgM to the PEGylated liposome, specifically to the PEG moiety, to over-
come the protective effect and the free movement of the PEG chains on the liposome
surface.

Furthermore, a study revealed that the enhanced blood clearance effect was not
induced in splenectomized rats, which goes along with a dramatic reduction of
serum IgM level (Ishida et al. 2006b). In addition, this study showed that the immune
reaction in the spleen against the PEGylated liposomes extends over a period of at
least 2—-3 days following the first administration and then anti-PEG IgM is produced
(Ishida et al. 2006b). It has been reported that B cells in the spleen are responsible
for the first line of defense and are able to produce large amounts of neutralizing
antibodies in a short period (3—4 days) (Martin et al. 2001; Zandvoort and Timens
2002). These indicate that the spleen plays an important role in promoting the for-
mation of IgM reactive against PEG. It is well known that the spleen plays a central
role in the primary defense against all types of antigens that appear in circulation,
and that it is a major site of antibody production (Koch et al. 1982; Bohnsack and
Brown 1986). Liposomes with long-circulating properties, such as PEGylated lipo-
somes, reportedly tend to accumulate in the spleen rather than in the liver. The PEG
polymer could be characterized by a highly repetitive structure bearing similarity to
a class-2 thymus-independent (TI-2) antigen. Therefore, the following hypothesis
leading to the production of anti-PEG IgM is proposed. Once the PEGylated lipo-
somes reach the spleen, they bind and crosslink to surface immunoglobulins on PEG
(or PEGylated liposome)-reactive B-cells in that organ and consequently trigger the
production of an anti-PEG IgM that is independent of T-cell help.

6.4.3 Effect of Encapsulation of Doxorubicin (DXR) on Inducing
the ABC Phenomenon

Although PEGylated liposomal doxorubicin (DXR) (Doxil/Caelyx) has already
been in clinical use, such phenomenon has not been reported in patients. Consis-
tent with this fact, Charrois and Allen (2003) recently showed that in a murine
model, after repeated administration of DXR-loaded PEGylated liposomes, vary-
ing both the dosing schedule and the dosing intensity, the pharmacokinetics and
biodistribution of the liposomes did not change. As described above, liposomal
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encapsulation of DXR accounts for several benefits over the free form of the drug.
Of foremost importance, liposomal formulations buffer the acute cardiotoxicity of
DXR (Safra 2003; O’Brien et al. 2004), while also extending blood circulation time
and improving drug accumulation in malignant tissues (Gabizon et al. 1994). It is
also known that DXR encapsulation in liposomes can result in increased DXR deliv-
ery to phagocytic cells, which, in turn, are killed by the encapsulated drug (Dae-
men et al. 1995). Laverman et al. (2001) demonstrated that Caelyx did not induce
such ABC phenomenon in rats, while empty PEGylated liposomes did. They spec-
ulated that a toxic effect of DXR on the hepatosplenic macrophages might have
impaired the role of these cells in the induction of the phenomenon, especially the
production of unknown non-immunoglobulin serum factor(s). By contrast, it was
recently reported that the binding of anti-PEG IgM to PEGylated liposomes and
subsequent complement activation on the liposomes are a major cause of the phe-
nomenon (Ishida et al. 2006¢; Wang et al. in press). It seemed that the spleen plays
an important role in the production of anti-PEG IgM (lIshida et al. 2006b). These
have led to the proposal of an alternative to the theory of Laverman et al. (2001):
that DXR inside the first dose of injected PEGylated liposomes reduces the produc-
tion of anti-PEG IgM by interference with the proliferation of B cells in the spleen,
and consequently prevents the induction of the phenomenon.

A first injection of PEGylated liposomes containing encapsulated DXR showed
no rapid clearance of the second dose of PEGylated liposomes (Ishida et al. 2006a).
Furthermore, Western blot analysis (Fig. 6.5A) and quantitative analysis (Fig. 6.5B)
revealed abundant binding of IgM to PEGylated liposomes when the liposomes were
incubated in serum from rats that had received “empty” PEGylated liposomes. Sub-
stantially less binding of IgM was found when the liposomes were incubated in
serum from rats treated with DXR-loaded PEGylated liposomes. For both the empty
and the DXR-containing liposomes, the amounts of IgM binding to the liposomes
decreased with an increasing dose of injected liposomes. The effect of lipid dose
on the induction of the phenomenon is described in a later section. Serum obtained
from rats following injection of “empty” PEGylated liposomes caused complement
activation by the addition of PEGylated liposomes. By contrast, no complement acti-
vation was detected with serum from rats that had been treated with DXR-loaded
PEGylated liposomes. Based on these findings, it was concluded that DXR released
from liposomes accumulating in the spleen impairs the production of PEG-specific
IgM as a consequence of the inhibition of B cell-proliferation and/or killing of pro-
liferating B cells, and thus prevents the induction of the enhanced clearance of a
second dose of PEGylated liposomes.

Laverman et al. (2001) have proposed that hepatosplenic macrophages are
responsible for the induction of the ABC phenomenon. They investigated the phar-
macokinetic behavior of test-dose PEGylated liposomes in rats that were depleted
of hepatosplenic macrophages by intravenous injection of unsized multilamellar
liposomes containing clodronate at the time the first dose of “empty” PEGylated
liposomes was administered. Two weeks later, when the macrophage populations
had recovered and the second dose of PEGylated liposomes was injected, the long
circulation time and low hepatosplenic uptake commonly observed for PEGylated
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Fig. 6.5 IgM associated with PEGylated liposomes incubated in serum. PEGylated liposomes were
incubated with naive serum or with serum collected 5 days after injection with different doses of
PEGylated liposomes with or without encapsulated DXR. (A) Immunoblotting: The incubation
mixture was subsequently chromatographed on a Sepharose 4 Fast Flow column. The recovered
liposome samples were applied to 7% SDS-PAGE gels and electrophoresed under reducing con-
ditions. Then the gels were analyzed by Western blotting with antibodies specific for rat IgM.
Control, naive serum. Lanes 1-6, sera from pre-dosed animals. Lanes 1-3 pre-dosing with DXR-
containing PEGylated liposomes. Lanes 4-6, pre-dosing with empty PEGylated liposomes. Lanes
1,2,3and Lanes 4, 5, 6 represent lipid doses of 1, 5, and 14.4 wmol PL/kg, respectively. (B) Quan-
tification of IgM: Quantification of IgM in the serum proteins associated with PEGylated liposomes
was performed using the rat IgM ELISA Quantification Kit. Captions under the bars have the same
meaning as in Fig. 6.1(B). The values represent the mean + SD of three independent experiments.
p values apply to differences between naive serum and liposome-treated serum and between sera
from rats that received PEGylated liposomes. **p< 0.01, **p< 0.005 (cited from Ishida et al.
(2006a) with permission from Elsevier)

liposomes were observed. It is important to note, however, that Beringue et al.
(2000) reported that, in addition to hepatosplenic macrophages, also most follicular
dendritic cells and B lymphocytes, but not T cells, in the spleen are transiently
depleted by intravenous injection of clodronate-containing liposomes. It is now
believed that the lack of B lymphocytes in the clodronate-treated rats might have
been responsible for the lack of induction of the ABC phenomenon in the study of
Laverman et al. (2001).

As demonstrated above, the encapsulation of DXR in PEGylated liposomes abro-
gates the immunogenic response against PEGylated liposomes. Earlier it was shown
that encapsulation of DXR in liposomes decreases its dose-limiting toxic side effects
such as cardiotoxicity while maintaining, or even increasing, its antitumor effect
(Safra 2003; O’Brien et al. 2004). Taken together these observations may indicate
that liposomes containing chemotherapeutic agents such as DXR are relatively safe
for clinical use even if repeated injections are required. However, Daemen et al.
(1997) reported that injection of DXR-loaded PEGylated liposomes has a toxic
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effect on the liver macrophages both in terms of specific phagocytic activity and
cell numbers, although the observed toxicities were less than those induced by
DXR-loaded conventional liposomes (without PEGylation). It is known that defects
in the phagocytic uptake activity of macrophages enhance metastatic growth of
tumors in numerous animal studies (Phillips 1989). Considering these results, injec-
tion schemes of DXR-loaded PEGylated liposomes such as Doxil/Caelyx should be
designed to permit the recovery of the macrophage population between injections.

6.4.4 Effect of Lipid Dose on Inducing ABC Phenomenon

The present study showed that the induction of the phenomenon by PEGylated
liposomes decreased with increases in the first dose (0.001-5 pwmol/kg). A strong
inverse relationship was found to exist between the dose of initially injected PEGy-
lated liposomes and the extent to which the ABC phenomenon was induced: the
higher the dose the smaller the phenomenon (Fig. 6.6) (Ishida et al. 2005). Due to
earlier results (Ishida et al. 2006a, b), the lipid dose, less than 1 wmol phospho-
lipids/kg, is likely to be sufficient to activate PEG (or PEGylated liposome)-reactive
B-cells in spleen. At the recommended dose intensity of Caelyx for patients (Lyass
et al. 2000), a higher lipid dose of PEGylated liposomes (15 wmol phospholipids/kg
or even more) is generally administered. Thus, the higher lipid doses (>1 pmol
phospholipids/kg) used in this study might lead the B cells to become apoptotic and
thus anergic, even though the encapsulated DXR did not work to kill the prolifer-
ating B-cells in the spleen. These observations indicate that the higher lipid doses
used in the clinic also may present a major cause of the attenuation of the induction
phase of the phenomenon.

DXR-loaded PEGylated liposomes appeared to impair the production of anti-
PEG IgM in a lipid dose (and thus DXR dose)-dependent manner (Fig. 6.5A) and
consequently attenuate the ABC phenomenon (Ishida et al. 2006a). This may reflect
the amount of DXR delivered to the liver and spleen in the encapsulated form. It
is likely that DXR released from the liposomes in the tissue (taken up by either
macrophages or other cells) not only impairs the function of B lymphocytes but also
the phagocytic capacity of the macrophages.

The underlying mechanism for causing a strong inverse relationship between
the dose of initially injected PEGylated liposomes and the extent to which the
ABC phenomenon is induced is still unclear. The so-called second class of thymus-
independent antigens (T1-2) likely acts by extensively cross linking the cell-surface
immunoglobulins of specific B-cells, resulting in secretion of both IgM and IgG
from the B-cells. To achieve sufficient cross linking with epitopes, the epitope den-
sity is critical for the activation of B-cells by the TI-2 antigen: at too low a density
the level of receptor cross linking is insufficient to activate the cell; at too high a den-
sity the cell becomes anergic. The PEG polymer is also characterized by a highly
repetitive structure similar to the TI-2 antigens. The low dose of PEGylated lipo-
somes sufficient to induce the ABC phenomenon might represent a sufficiently high
epitope (PEG) density to activate the B-cells. The higher lipid doses might lead the
B-cells to become apoptotic and thus anergic.
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Fig. 6.6 Effect of lipid dose of
first injection on the induction of
the ABC phenomenon by
PEGylated liposomes. Rats were
pretreated with PEGylated
liposomes at a dose of 0.001,
0.01, 0.1, 1, or 5 wmol/kg of
body weight. Rats pretreated
with HEPES buffered saline

(pH 7.4), instead of PEGylated
liposomes, served as controls.
At Day 5 post-first injection,
radio-labeled PEGylated
liposomes (5 wmol/kg) were
intravenously injected. (A) Blood
clearance profile of the
radio-labeled PEGylated
liposomes. (B) Hepatic and
splenic accumulation of the
radio-labeled PEGylated
liposomes at 24 h following the
injection. Each value represents
the mean + SD of three separate
experiments. p values apply to
differences between the control
and treated mice. *p< 0.05,

** p<0.01, ***p<0.005 (cited
from Ishida et al. (2005) with
permission from Elsevier)

(A)

B)

T. Ishida and H. Kiwada

100
—O— Control & 0.1
—- 0.001 -1
—A— 0.01 ——5
75
[}
[%2]
o
©
©
o 50
[8]
o
5
X
25
0 : : ]
0 6 12 18 24
Time (hr)
80
*kk
60 = - mLiver
° OSpleen
1]
(=]
©
ke]
L 40 |
(8]
(9]
g
X
20 |
0 L L L 1 1
> S > 0 N ()
o“o 090 o ©
c®

6.5 Adverse Reactionsto PEGylated Liposomes Observed

in Clinical Use

In many pre-clinical or clinical studies with Doxil/Caelyx, a PEGylated liposomal
DXR formulation, acute as well as subacute side effects were encountered during
or after the infusion of the liposomal formulation (Uziely et al. 1995; Goebel et al.
1996; Northfelt et al. 1997; Koukourakis et al. 1999; Krown et al. 2004). Most
attention has been focused on DXR-related subacute side effects, which include
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mucositis, stomatitis, and cutaneous toxicity — referred to as hand—foot syndrome
(palmar-plantar erythrodysesthesia, PPE) (Lotem et al. 2000; Lyass et al. 2000;
Gabizon 2001; Waterhouse et al. 2001; Gordinier et al. 2006). The PPE occurs
in up to 13-50% of treated patients, a much greater frequency than is seen with
the free form of DXR (Alberts and Garcia 1997; Muggia et al. 1997; Johnston and
Gore 2001; Gibbs et al. 2002; Coleman et al. 2006). English et al. (Gordon et al.
2001; English et al. 2003) recently reported the clinical and histopathologic find-
ings of an intertriginous dermatitis due to PEGylated liposomal DXR toxicity and
discussed possible mechanisms. The authors showed possibilities that the enhanced
delivery of DXR in liposomal form promotes cutaneous side effects of the drug and
the PEGylated liposomal form of DXR enhances its compartmentalization in skin
while decreasing its degradation, thereby promoting a delay (3—-4 weeks following
therapy) in its cutaneous effects. The incidence of PPE can be limited by adjusting
the injection interval, dosage regimen, and dose (Alberts and Garcia 1997; Gabizon
and Muggia 1998; Krown et al. 2004).

6.5.1 Acute Reactions (Hypersensitivity Reaction)

Signs and symptoms of acute reactions consist of shortness of breath, widespread
erythemafacil flushing, chest pain, back pain, and changes in blood pressure; all
resolve within minutes after termination of the liposome infusions. The symp-
toms are attenuated by medication (or prevented by premedication) that contain
adrenaline and/or hydrocortisone or methylprednisolone (Laing et al. 1994; Uziely
et al. 1995; Koukourakis et al. 1999; Huang et al. 2004). Not surprisingly, these
acute side effects offered no reason for alarm because the events were minor com-
pared to the usual toxicity of anticancer drugs, and seemed to be balanced by the
therapeutic benefits of the drug. On the other hand, if “empty” PEGylated liposomes
cause similar reactions when used as a diagnostic agent for the scintigraphic detec-
tion of infection and inflammation, such adverse events are unacceptable. Dams
et al. (2000Db) reported that 2 of 35 patients experienced mild flushing and tightness
of the chest during the infusion of Tc-99m-labeled PEGylated liposomes (without
encapsulated drugs) for clinical evaluation. Such adverse reactions subsided when
the infusion was temporarily stopped.

6.5.2 Influence of Infusion Rate and Regimen on the Acute
Reactions (Hypersensitivity Reaction)

It seems that the infusion rate affects the level of acute reactions caused by injection
of PEGylated liposomes. For Doxil, the acute side effects could be prevented by
reducing the infusion rate or stopping the infusion (Gabizon et al. 1994). However,
for Tc-99m-labeled PEGylated liposomes, the reactions still occurred at a slow infu-
sion rate (1 wmol lipid/min) and even with a tenfold-lower lipid dose (5 wmol/kg
for Doxil vs. 0.5 pmol/kg for Tc-99m-labeled PEGylated liposomes) (Dams et al.
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2000b). This induction appears to indicate that even a minimal amount of PEGylated
liposomes could induce such acute side effects.

In all reported cases, subsequent injections could be given without problems
regardless of whether these patients experienced side effects during the first infu-
sion. However, Koukourakis et al. (1999) described one patient who experienced
the same symptoms as during the first infusion (heavy chest feeling). The fact that
even a minimal amount of PEGylated liposomes could induce side effects suggests
that the observed reactions could be classified as hypersensitivity or a pseudoallergic
reaction (Szebeni et al. 1999, 2000).

6.5.3 The Role of Complement Activation on the Acute Reactions
(Hypersensitivity Reaction)

Chanan-Khan et al. (2003) reported that 13 hypersensitivity reactions were observed
out of 29 cancer patients treated with Doxil. Plasma complement terminal complex
(SC5b-9) levels were elevated relative to the baseline in 80% of reactor patients and
50% of non-reactor patients at 10 min post-infusion, suggesting that Doxil causes
complement activation in a larger percentage of cancer patients. The relative extent
of complement activation was also significantly greater in the reactor group than in
the non-reactor group. Both the incidence of hypersensitivity reaction and the extent
of complement activation showed positive correlation with the initial rate of Doxil
infusion in the range of 0.1-1.0 mg/min. Brouwers et al. (2000) reported that 2 of
35 patients showed hypersensitivity reaction when radio-labeled (Tc-99m) PEGy-
lated liposomes were injected. In another trial with non-radio-labeled PEGylated
liposomes, 3 of 9 patients showed such a reaction. Direct indication for the role
of complement activation in the observed hypersensitivity reaction came from later
clinical trials. Analysis of serum samples drawn from a patient just prior to the infu-
sion and immediately after the occurrence of the reaction indicated a remarkable
decrease in complement factors (C3, C4, and factor B). Whether a hypersensitivity
reaction is a direct result of the complement activation or whether the complement
consumption is a result of the reaction remains to be established. However, at the
least, these results suggested that complement activation may be an important con-
tributing factor in the genesis of hypersensitivity reaction caused by intravenous
injection (infusion) of PEGylated liposomes.

The major role of the complement system is to mark invading pathogens, immune
complexes, and similar pathogenic materials for removal by phagocytosis (Bradley
and Devine 1998). Many studies have described the role of liposomes in comple-
ment activation (Patel 1992; Devine and Marjan 1997; Bradley and Devine 1998;
Ishida et al. 2001, 2002; Yan et al. 2005) and most of those studies have focused on
the role of the complement system in the opsonization of liposomes and consequent
clearance of liposomes from circulation. As described above, complement activation
by PEGylated liposomes seems to be essential for causing a PEGylated liposome-
related hypersensitivity reaction (Szebeni et al. 2000, 2002; Szebeni 2005a, b).
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6.6 Conclusions

PEGylated liposomal formulation has been approved and is currently used in clin-
ical settings (Muggia et al. 1997; Grunaug et al. 1998; Koukourakis et al. 1999;
Chidiac et al. 2000; Halm et al. 2000; Hubert et al. 2000; Lyass et al. 2000; Markman
et al. 2000; Escobar et al. 2003; Krown et al. 2004; Orditura et al. 2004; Coleman
et al. 2006). The repeated injection of such liposomal formulations with constant
rate infusion is frequently used in treatment protocols (Goebel et al. 1996; Halm
et al. 2000; Hubert et al. 2000). The occurrence of such ABC phenomenon could
compromise the therapeutic efficacy of drugs associated with liposomes and, if the
liposomes contain a toxic drug, the strongly increased uptake in the liver could cause
severe liver toxicity (Daemen et al. 1995). Also, acute adverse reactions, including
hypersensitivity reaction, caused by intravenous injections of PEGylated liposomes
may impede use of the PEGylated formulation in patients, even if the formulations
have superior advantages. The degree of caution called for when treating patients
with certain regimens may therefore apply beyond the applications of PEGylated
formulations, including proteins, peptides, DNAs, ODNs, and siRNAs.

In conclusion, PEGylated liposomes represent a suitable ling-circulating carrier
system for in vivo application, but one must consider that PEGylated liposomes are
not inert vehicles in vivo. Such reactions may also turn out to be beneficial, if how
to control the carrier-induced responses of the immune system is learned. Therefore,
the processes involved in the interactions of drug carriers with the biological milieu
following in vivo administration need further study.
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Chapter 7

Hydrogel Nanocomposites: Biomedical
Applications, Biocompatibility,

and Toxicity Analysis

Samantha A. M eenach, Kimberly W. Anderson, and J. Zach Hilt

Abstract Hydrogel nanocomposites are an important class of biomaterials that can
be utilized in applications such as drug delivery, tissue engineering, and hyperther-
mia treatment. The incorporation of nanoparticles into a hydrogel matrix can pro-
vide unique properties including remote actuation and can also improve properties
such as mechanical strength. Since hydrogel nanocomposites have been proposed as
implantable biomaterials, it is important to analyze and understand the response of
the body to these novel materials. This chapter covers the background, definitions,
and potential applications of hydrogels and hydrogel nanocomposites. It also covers
the various types of hydrogel nanocomposites as defined by the nanoparticulates
embedded in the systems which include clay, metallic, magnetic, and semiconduct-
ing nanoparticles. The specific concerns of the biocompatibility analysis of hydrogel
nanocomposites are discussed along with the specific biocompatibility results of the
nanoparticulates incorporated into the hydrogel matrices as well as the biocompati-
bility of the hydrogels themselves. The limited data available on the biocompati-
bility of hydrogel nanocomposites is also presented. Overall, currently investigated
hydrogel systems with known biocompatibility may have the potential to provide a
“shielding” effect for the nanoparticulates in the hydrogel nanocomposites allowing
them to be safer materials than the nanoparticulates alone.

Contents

7.1 Introduction
7.2 Hydrogels
7.3 Hydrogel Nanocomposites
7.3.1 Clay Nanocomposites
7.3.2 Hydroxyapatite Nanocomposites

J.Z. Hilt (=)

Department of Chemical and Materials Engineering, University of Kentucky, Lexington, KY
40506-0046, USA

e-mail: hilt@engr.uky.edu

T.J. Webster (ed.), Safety of Nanoparticles, Nanostructure Science and Technology, 131
DOI 10.1007/978-0-387-78608-7_7, © Springer Science+Business Media, LLC 2009



132 S.A. Meenach et al.

7.3.3 Magnetic Nanocomposites

7.3.4 Metallic Nanocomposites

7.3.5 Semiconducting Nanocomposites

7.3.6 Miscellaneous Nanocomposites
7.4 Biocompatibility and Toxicity Analysis

7.4.1 Biocompatibility and Toxicity Analysis of Hydrogels

7.4.2 Biocompatibility and Toxicity Analysis of Nanoparticulates

7.4.3 Biocompatibility and Toxicity Analysis of Hydrogel Nanocomposites
7.5 Concluding Remarks
References

7.1 Introduction

Hydrogel nanocomposites are an important class of biomaterials that can be
utilized in applications such as drug delivery, tissue engineering, and hyperthermia
treatment. The incorporation of nanoparticles into a hydrogel matrix can provide
unique properties including remote actuation and also improve properties such as
mechanical strength. An advantage of using hydrogel nanocomposites in biomed-
ical applications stems from their similarity to soft tissue as well as expected bio-
compatibility. Overall, the safety concern of hydrogel nanocomposites involves the
biocompatibility of the system when implanted in the body. As such, it is impor-
tant to test the effect of the nanocomposite on the body before it is utilized in any
biomedical application. This chapter reviews the background concerning hydrogels
and hydrogel nanocomposites along with the biocompatibility of the constituents
that make up the composites. The limited data available on the biocompatibility of
hydrogel nanocomposites is also presented.

7.2 Hydrogels

Hydrogels are an important class of polymeric materials that have been utilized in
a wide variety of biomedical and pharmaceutical applications. Hydrogels are three-
dimensional, hydrophilic, polymeric networks that can absorb up to thousands of
times their dry weight in water or biological fluids (Hoffman 2002, Peppas et al.
2000). They consist of polymer chains with either physical or chemical crosslinks
that prevent the dissolution of the hydrogel structure and instead result in swelling
of the material upon interaction with aqueous solutions. Hydrogels are advanta-
geous for many biomedical applications due to their resemblance of natural liv-
ing tissue and inherent biocompatibility which can be partially attributed to their
soft, flexible nature and high water content (Hoffman 2002). Hydrogel systems
such as poly(hydroxyethyl methacrylate) (PHEMA), poly(N-isopropylacrylamide)
(PNIPAAm), poly(vinyl alcohol) (PVA), and poly(ethylene glycol) (PEG) have
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been widely investigated for a wide variety of biomedical and pharmaceutical
applications.

For many hydrogels, their swelling and deswelling behavior is dependent on
external stimuli. Responsive hydrogels increase or decrease their swelling ratio as a
result of changing the pH, temperature, ionic strength, or electromagnetic radiation
of their environment (Peppas et al. 2000). For example, PNIPAAm is a temperature-
responsive polymer that has been studied for many applications. It undergoes a
reversible swelling transition around its lower critical solution temperature (LCST)
of approximately 33°C in aqueous media. At temperatures below the LCST, PNI-
PAAmM hydrogels are swollen whereas above this temperature they are collapsed.
With the ability to control the behavior of these environmentally responsive hydro-
gels, they can be utilized in a wide variety of applications including drug delivery,
tissue engineering, sensors, and actuators (Hoffman 2002; Peppas et al. 2000, 2006).

The biocompatibility of hydrogels has been thoroughly studied for a number of
hydrogel systems and biological applications. As with any biomaterial, it has been
necessary to make sure that the body responds favorably to the gel and that the
body does not harm the material. For many hydrogel systems, these studies have
been performed and have resulted in positive results. The expansion of hydrogel
nanocomposite research in recent years has resulted in novel biomaterials with unique
properties, but in addition, there is an increasing concern of their safety. Currently,
there is limited literature concerning their biocompatibility. As with any material that
hopes to go from the lab bench to the clinic, it is necessary that the safety and biocom-
patibility of hydrogel nanocomposite systems are studied in detail.

7.3 Hydrogel Nanocomposites

Despite the many advantages of using conventional crosslinked hydrogels, their
applications are often limited due to their poor mechanical and limited response
properties (Xiang et al. 2006). The random nature of the crosslinking reactions
involved in hydrogel fabrication and the resulting morphological inhomogeneity can
induce these limitations (Haraguchi et al. 2003). Recently, work has been done to
improve hydrogel properties (e.g., mechanical strength) and to add unique properties
(e.g., response to novel stimuli) through the fabrication of hydrogel nanocomposites
(Frimpong and Hilt 2007). Hydrogel nanocomposites involve the incorporation of
various nanoparticulate materials within a versatile hydrogel matrix which can pro-
vide easy, straightforward methods for enhancing the properties (e.g., improving the
mechanical properties) of hydrogels. Although a number of fabrication techniques
have been used to create such systems, in situ polymerization of particles into a
monomer solution is a common way to create a hydrogel nanocomposite.
Nanocomposite hydrogels have been shown to modify and improve a variety of
material properties, including magnetic and optical properties. For example, it is
possible to tune a temperature-responsive system with electrochemical responses of
a conducting polymer through the addition of electroactive, conducting particles in
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a hydrogel matrix (Kim et al. 2000). Thus far, a number of nanoparticulates have
been utilized in nanocomposite hydrogel systems including metallic nanoparticles,
carbon nanotubes (CNTSs), clay, ceramics, magnetic nanoparticles, hydroxyapatite
(HA), and semiconducting nanoparticles. Table 7.1 provides a brief summary of
some of the nanocomposite systems that have been studied. In the following sec-
tions, hydrogel nanocomposites are classified by the nanoparticulate, and high inter-
est examples are highlighted.

7.3.1 Clay Nanocomposites

One of the most widely studied classes of hydrogel nanocomposites involves the
addition of nanoparticulate clay to the hydrogel system. Thermoresponsive PNI-
PAAmM systems have been the most commonly used, however, systems involv-
ing poly(acrylic acid) (PAA), poly(methyl methacrylate) (PMMA), and poly(N,
N-dimethylacrylamide) (PDMAA) have also been studied. One of the main advan-
tages of the addition of clay to hydrogels is that the clay has been shown to act as
a crosslinking agent, increasing the mechanical properties of the composites (Bandi
et al. 2005; Santiago et al. 2007). The improvement in mechanical strength is pri-
marily driven by good dispersion and/or the ability of the clay to exfoliate in the
polymer (Bandi et al. 2005). The types of clay nanoparticulates incorporated into
hydrogel nanocomposites include montmorillonite (MMT), bentonite, and other sil-
icate clays. These systems have been widely characterized regarding changes in
mechanical strength, swelling properties, drug release rates, and thermal transitions.

For many applications, an ideal PNIPAAm material is the one exhibiting struc-
tural homogeneity, high strength and toughness, and a high swelling ratio. For
these composites to be used for applications such as rapid actuators, drug release
devices, and artificial muscles, it is also important that they exhibit responsive
properties such as rapid swelling and deswelling rates. Improvements in mechan-
ical properties and gel transparency by changing the crosslinking clay amount in
a PNIPAAm/inorganic clay hydrogel nanocomposite in comparison to convention-
ally crosslinked PNIPAAm hydrogels have been reported (Haraguchi et al. 2002;
Haraguchi and Li, 2005). Liang et al. (2000) have shown a faster swelling transition
and increased release rate with a PNIPAAm/clay nanocomposite hydrogel through
successful dispersion of the clay throughout the nanocomposite. PNIPAAM/MMT
nanocomposites have been shown to have increased mechanical strength in compar-
ison to conventionally crosslinked hydrogels (Lee and Fu 2002; Lee and Ju 2004;
Ma et al. 2007). For example, the shear modulus of this type of gel was shown to
increase from 6.49 x 10° MPa to 11.42 x 10% MPa upon the addition of 15 wt%
MMT versus pure PNIPAAmM (Lee and Fu 2002).

Other clay—hydrogel nanocomposite systems have been studied including the
combination of attapulgite fibrils, a hydrated magnesium aluminum silicate,
with a poly(HEMA-poly(ethylene glycol) methacrylate (PEGMA)-methyl acrylic
acid(MAA)) hydrogel (Xiang et al. 2006) and the combination of clay with
poly(N,N-dimethacrylate) (PDMAA) (Haraguchi et al. 2003). Each nanocomposite



Table 7.1 Summary of hydrogel nanocomposite systems, their applications, and key results

Type of Nanoparticulate
nanocomposite component Hydrogel component Application(s) Key results References
Clay Attapulgite Poly(HEMA-PEGMA- Drug release, tissue Improved tensile strength, Xiang et al.
fibrils MAA) engineering response rate, and swelling ratio (2006)
Bentonite PNaA Drug delivery Equilibrium swelling decreased, Santiago et al.
thermal stability increased (2007)
Hectorite PNIPAAM Cell cultivation, tissue Cell adhesion and proliferation Haraguchi and Li
engineering shown on composite (2005)
Hectorite PNIPAAM Smart gels, enzyme carrier,  Swelling transition of PNIPAAmM Haraguchi et al.
drug delivery, tissue was better-controlled (2002)
engineering
Laponite XLG PDMAA Drug delivery Improved mechanical and swelling Haraguchi et al.
properties (2003)
Laponite XLG PNIPAAM Drug delivery Mechanical properties, Haraguchi et al.

Laponite XLG
MMT

MMT

MMT

MMT

PNIPAAmM and CMCS
PMMA, PB, PS

PNIPAAM

PNIPAAM

PNIPAAM

Controlled drug release,
chemical valves
Drug delivery

Sensors, actuators,
regulators, controlled
release devices

Sensors, catalyst systems,
insulating materials

Drug delivery

transparencies, swelling, and
deswelling behaviors changed by

cross-linker contents

Improved swelling ratio, reponse
rate, and mechanical properties
Improved mechanical properties

Faster thermal transition, increased

release rate

Structural integrity of material

increased
Swelling ratio decreased,

mechanical properties increased

(2006)

Ma et al. (2007)

Zhao et al.
(2003)

Liang et al.
(2000)

Bandi et al.
(2005)

Lee and Fu
(2002)
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Table7.1 (continued)

9eT

Type of Nanoparticulate Hydrogel
nanocomposite component component Application(s) Key results References
MMT PNIPAAmM, Drug delivery Increased gel strength Lee and Ju
PAA (2004)
OMMT PAA Various Increased thermal stability and Weian et al.
equilibrium swelling ratio (2005)
HA HA Bacterial Biomimetic apatite Synthesis of the composite mimics Hutchens et al.
cellulose formation, orthopedics the natural biomineralization of (2006)
bone
HA PAA Biomimetic bone, More homogeneous distribution of Shen et al.
biomaterial replant particles, improved tensile (2007)
applications strength
HA PVA Tissue remineralization, Increased mechanical strength Sinha et al.
cartilage repair and (2007)
replacement
HA PVA Artificial articular cartilage Good thermal stability and Fenglan et al.
improved homogeneity of HA (2004)
HA PVA and Tissue engineering, bone Exhibited high elasticity, Degirmenbasi
collagen repair composite provided porosity et al. (2006)
HA HYAFF11 Bone tissue engineering Improved mechanical properties, Giordano et al.
(micron-size) bioactivity, biocompatibility, and (2006)
hemocompatibility
HA, TCP HPMC Injectable material for bone Successful bone formation shown Trojani et al.
(micron-sized) tissue engineering on hydrogel scaffold (2006) »
HA, a-TCP HYAFF11 Bone substitute Improved mechanical properties, Sanginario >
bioactive et al. (2006) =z
Magnetic Fe304 Gelatin Drug delivery Smart on-off systems developed to Liuetal. 3
nanoparticles deliver drugs (2006) §
4
2



Table 7.1 (continued)

Type of Nanoparticulate Hydrogel
nanocomposite component component Application(s) Key results References
Fe,03 PNIPAAM Externally responsive to Can target and separate beads with Xuli et al. (2000)
(magnetite) magnetic field magnetic field
Fe304 PNIPAAM Drug delivery, hyperthermia  Tunable swelling reponse Frimpong et al.
nanoparticles (2006)
Metallic Ag nanoparticles ~ PAAmM Muscle-like actuators, Increased swelling ratio and lower Saravanan et al.
biosensors, switchable electron transfer resistance (2007)
electronics
Au nanoparticles ~ PNIPAAmM Catalyst, biosensors, Specific control over Au Wang et al. (2004)
reponsive material, drug nanoparticles, improved bulk
delivery properties
Au colloids and P(NIPAAm-co-  Microfluidics, valves Gels collapse in reponse to light Sershen et al.
nanoshells Aam) source (2005)
Au-AuS PNIPAAmM, Drug delivery Light actuated drug delivery exhibited ~ Sershen et al.
nanoshells Aam (2000)
Au, Ag PNIPAAmM, Biomedical and electronic Reversably changeable color shown Suzuki and
nanoparticles GMA devices due to nanoparticle size Kawaguchi
(2006)
Cuand Ag ions Hyaluronane Artificial blood vessels Cytocompatible, promote vessel Barbucci et al.
growth (2002)

Semiconducting

Cds

Cds

CdTe, CdSe
(QDs)

PAAM

PDMAA

PEG

Signal-triggered
photoelectrochemical
systems

Two-phase catalysis, drug
delivery

Biosensors,
fluorimmunoassays,
wound healing

Solvent-induced switchable
photoelectrochemical system

Different physical states of hydrogel
were achieved

QDs entrapped and luminescence
characteristics were shown

Pardo-Yissar et al.
(2002)

Bekiari et al.
(2004)

Gattas-Asfura
et al. (2003)
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Table 7.1 (continued)

8ET

Type of Nanoparticulate Hydrogel
nanocomposite  component component Application(s) Key results References
Other Bacterial PVA Cardiovascular soft tissue Mechanical properties shown similar Millon and Wan
cellulose fibers replacement to heart valve tissue (2005)
CaCOg3 PAAM Biomimetic material, Crystalline assembly of material for Grassmann and
modified with biomineralization bone engineering Lobmann
PAA (2004)
Chitosan lactate PVA Wound dressing material Improved biocompatibility, De Queiroz et al.
hemocompatibility, mechanical (2002)
properties
Hydrotalcite poly(AA-co- Drug Delivery Increased swelling ratio in saline Le and Chen
NIPAAmM) solution but lower in alcohol solution (2006)
MWCNT PVA Microswitches, artificial Electrically actuated hydrogel Shi et al. (2005)
muscle, prosthetic devices
PAAmM, BSA, PAAM Auto-focusing intra-occular PAAm with silica most promising for Prokop et al.
silica lens intra-occular lens applications (2002)
nanoparticles
Polymer colloids PAA, glycerol Sensors, membranes, Hydrogels shown to be electroactive Kim et al. (2000)
(PPy) biomaterials, actuators
Silica PHEMA Tissue engineering Higher swelling ratio, bioactive Costatini et al.
nanoparticles (2006)
Silica PHEMA Bone tissue engineering Improved supportment of osteoclasts Schiraldi et al.
nanoparticles and cytocompatibility (2004)
TiOznanoparticles ~ PAAmM Degradation of organic Showed good photocatalytic Tang et al. (2007)
pollutants degradability with reproducibility
TiOznanoparticles  PHEMA Bone tissue engineering Bioactive: HA formation on surface Prashantha et al.
(sol-gel) (2006)
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system showed improvements in mechanical and swelling properties such as
increased strength and faster response rates and swelling ratios versus conven-
tional hydrogels. Clay has also been used with PAA and PMMA, and these systems
showed improved properties such as higher thermal stability and uniform dispersion
(Zhao et al. 2003; Weian et al. 2005). Overall, the improved hydrogel properties that
result from the introduction of nanosized-clay will allow for improved material per-
formance and for use in new applications.

7.3.2 Hydroxyapatite Nanocomposites

Hydroxyapatite (HA) nanocomposites can potentially be used in a wide variety
of applications including bone tissue engineering as well as cartilage repair and
replacement, and injectable materials for tissue engineering. HA is a calcium
phosphate-derived mineral commonly used as a biomaterial (Hutchens et al. 2006).
HA acts as a biomimetic material that induces bone growth on its surface owing
to its bioactivity. Generally, hydrogels have not been used in bone tissue engi-
neering applications due to their low mechanical strength and lack of bone growth
stimulation. The incorporation of HA in a hydrogel hanocomposite can potentially
overcome these limitations. HA has been combined with many hydrogel systems
including those comprised bacterial cellulose, PAA, PVA, and collagen (Hutchens
et al. 2006, Shen et al. 2007, Sinha et al. 2007, Fenglan et al. 2004, Degirmenbasi
et al. 2006). The most important properties that should be exhibited in HA hydrogel
nanocomposites include improved biocompatibility, bioactivity, mechanical proper-
ties, thermal stability, and elasticity.

Incorporating nanosized HA nanoparticulates into PVA hydrogels has shown
to increase the mechanical strength of the gel, provide good thermal stability and
homogeneity, increase elasticity, and provide porosity for different systems (Sinha
et al. 2007, Fenglan et al. 2004, Degirmenbasi et al. 2006). HA-PVA hydrogels
were synthesized by Sinha et al. (2007) which formed a macroporous nanocom-
posite block of the HA nanoparticles. Fenglan et al. (2004) investigated a PVA-HA
nanocomposite which showed good homogeneity and thermal stability and can be
used as a high-performance material for artificial articular cartilage due to the bioac-
tivity the HA provides.

Studies on HYAFF®11, a biocompatible and biodegradable benzyl ester of
hyaluronic acid, have also showed good results in improving the properties of hydro-
gels. Giordano et al. (2006) incorporated HYAFF®) 11 with micron-sized HA which
showed improved mechanical properties, bioactivity, and biocompatibility. In spe-
cific, this system was shown to have compressive strengths similar to spongy bone
where the maximum compressive strength was 12 MPa for the dry system and
4 MPa for the swollen system. This work was extended to nanosized HA incor-
porated in HYAFF®11 by Sanginario et al. (2006) which showed results simi-
lar to the micron-sized HA in which the HA powders were shown to improve the
mechanical properties of HYAFF®11. These gels can be used to promote the bioac-
tivity of the material to facilitate bone growth as needed.



140 S.A. Meenach et al.

Shen et al. developed a template-driven method for the synthesis of PAA and HA
nanocomposites. This method demonstrated homogeneous distribution of the par-
ticles throughout the material which improved the strength of the gel (Shen et al.
2007). A micron-sized HA system that has been studied and can potentially be
extended to a nanosized HA system includes a new synthetic injectable hydrogel
fabricated by Trojani et al. (2006). This nanocomposite system was made from
Si—hydroxypropylmethylcellulose (HPMC) with HA/tricalcium phosphate particles
and showed in vivo biocompatibility with successful new bone formation efficacy
when loaded with undifferentiated bone marrow stromal cells (BMSCs). Bone tis-
sue engineering is a very important and widely studied field, and thus, the utilization
of hydrogels in this application is ongoing.

7.3.3 Magnetic Nanocomposites

The incorporation of magnetic nanoparticles such as iron oxide nanoparticles into
hydrogels can create tunable nanocomposites that can be remote controlled by a
magnetic field and have a wide variety of potential applications. These applications
range from controlled drug release applications to hyperthermia treatments in cancer
patients. One of the most advantageous aspects in using magnetic nanocomposites
is their potential to have remote-controlled responsive properties upon exposure to
external magnetic fields. For example, Liu et al. developed a gelatin/Fe;O4 hydro-
gel nanocomposite with uniform distribution of the magnetic nanoparticles through-
out the gelatin matrix. This system exhibited a drug release profile controllable by
switching between the on and off modes of a given DC magnetic field (Liu et al.
2006). When the magnetic field is on, the magnetic nanoparticles aggregated caus-
ing a decrease in porosity of the gel which in turn reduced the swelling rate and drug
release rate of the hydrogel. Figure 7.1 shows the mechanism of the “on” configu-
ration of the ferrogels due to aggregation of the iron oxide nanoparticles along with
the swelling rate profile of a sample system.

PNIPAAM/Fe, 03 nanocomposite hydrogels which were studied by Xuli et al.
(2000) also exhibited an external response to a magnetic field. Small pieces of the
gel were cut and characterized for temperature and magnetic field sensitivities and it
was shown that the gel beads could be targeted and separated by the magnetic field.
Work has also been done in our laboratories on magnetically responsive hydrogel
networks based on magnetic nanoparticles (Fe3O4) and PNIPAAmM. Frimpong et al.
(2006) have shown a tunable swelling response of this composite based on the type
and amount of crosslinker used in the system. The presence of iron oxide particles
in these hydrogel nanocomposites did not significantly alter the temperature sen-
sitivity of these systems as is shown in Fig. 7.2. In recent work by Satarkar et al.,
we have demonstrated remote-controlled heating and drug release using hydrogel
nanocomposites, as is shown in Fig. 7.3. Overall, the addition of magnetic
nanoparticles into hydrogel matrices has the potential to create remote-controlled
biomaterials for implant applications, such as in hyperthermia therapy and con-
trolled drug release.
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Fig. 7.1 (a) Mechanism of a “close” configuration of ferrogels due to the aggregation of Fe;O,4
nanoparticles under an “on” magnetic field causes the porosity of the ferrogels to decrease, (b)
swelling rate of ferrogels is dependent on switching magnetic fields, and (c) SEM observation of
Fe3O4 nanoparticles distributed in gelatin hydrogels (Liu et al. 2006)

7.3.4 Metallic Nanocomposites

The synthesis of hydrogel nanocomposites incorporating metal nanoparticles and
ions has widely increased owing to their unique optical, electrical, and catalytic
properties (Saravanan et al. 2007). The metallic particles can provide composites
with the ability to be actuated by light as well as decreasing the electrical resis-
tance of the material in some applications. These materials can then be used in
applications such as muscle-like actuators, biosensors, drug delivery, and switchable
electronics. Metallic nanoparticles such as gold and silver have been incorporated
in hydrogel systems such as those of PAAm and PNIPAAm (Saravanan et al. 2007;
Wang et al. 2004). In certain cases, these nanocomposites have the ability to be
remotely controlled via light actuation. For example, a system of Au colloids and
nanoshells has been developed in which the hydrogel system collapsed in response
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Fig. 7.2 (a) Schematic of in-situ polymerization of magnetic nanoparticles with a monomer solu-
tion to form magnetic-hydrogel nanocomposites. (b) Magnetic nanoparticle concentration effects
on equilibrium volume swelling ratio for TEGDMA systems (N = 3, +SD) (Frimpong et al. 2006)

to a specific wavelength of light (Sershen et al. 2005). Figure 7.4 illustrates the
swelling response of the hydrogel nanocomposite along with its application into a
microfluidic device. A similar system also developed by Sershen et al. (2000) com-
prised P(NIPAAm-co-AAm) and Au-AuS nanoshells showed photothermally mod-
ulated drug delivery. The Au—AuS nanoparticles strongly absorbed near-infrared
light, and when they were incorporated into the hydrogel NC and exposed to wave-
lengths between 800 and 1200 nm, the light absorbed by the nanoparticles was con-
verted to heat. This increased the temperature above the LSCT of the PNIPAAmM
system and consequently a drug was released from the nanocomposite matrix.
Nanocomposite hydrogels containing metal nanoparticles have also been used
in biosensor applications and to promote proangiogenic activity in blood vessel
formation. Suzuki and Kawaguchi developed a PNIPAAm and glycidyl methacry-
late copolymerized hydrogel system infused with Au and Ag nanoparticles which
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Fig. 7.3 (a) Schematic of proposed remote-controlled drug delivery system for negative and posi-
tive temperature sensitive systems. (b) Controlled drug release from nanocomposites in an electro-
magnetic field. % represents particle loading by weight in NIPAAmM-PEG400DMA nanocomposite.
F represents the application of a magnetic field. (N = 3, SD) (Satarkar et al. 2007)
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Fig. 7.4 The collapse and reswelling of the gold-colloid composite hydrogels (red circles) and gold-nanoshell composite hydrogels (green squares) during and
after 40 min of irradiation at (a) 832 nm (2.7 W cm™) or (b) 532 nm (1.6 W cm~2). Two valves formed at a T-junction in a microfluidics device, one made of a
gold-colloid nanocomposite hydrogel and the other a gold-nanoshell nanocomposite hydrogel. The channels are 100 «m wide. (c) When the entire device was
illumunated with near infrared light (832 nm, 2.7 W cm~2) the nanoshell valve opened while the gold colloid valve remained closed. However, when the device
was illuminated with green light (532 nm 1.6 W cm~2), the opposite reponse was observed. In both cases, the valves opened within 5 sec (Sershen et al. 2005)
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Fig. 7.5 (a) Schematic of thermosensitive color change by interparticulate interactions using
structured nanoparticles, (b) UV-vis spectra of Hydrogel-NH,-Au/Au2, and (c) Hydrogel-NH,-
Au/Ag/Au microgels measured at 25°C (black diamonds), 40°C (gray squares), and 25°C after 10
heating-cooling cycles (white diamonds) (Shi et al. 2005)

exhibited reversible multiple colors due to interparticulate interactions of surface
plasmon resonance (SPR) using various nanoparticles (Suzuki and Kawaguchi
2006). The color change reversibility of the hydrogel NC was accomplished by
adjusting the size of the nanoparticles. Figure 7.5 demonstrates the swelling behav-
ior of this hydrogel composite along with the visible results due to the heating of the
systems. In another hydrogel system, copper (Cu?*) and silver (Ag*) ions were inte-
grated in a hyaluronane-based hydrogel nanocomposite by Barbucci et al. (2002).
These hydrogel NCs showed proangiogenic activity through the stimulation of the
growth of new blood vessels. Consequently, metallic hydrogel nanocomposites can
be utilized in a wide variety of applications due to the improved tunability of drug
release and proangiogenic activity within the systems.

7.3.5 Semiconducting Nanocomposites

A limited amount of work has been done on semiconducting hydrogel nanocompos-
ites in which quantum dots (QDs) have been incorporated into hydrogel matrices.
The strong interest in quantum dots stems from their unique luminescent properties,
which leads to potential applications in a wide variety of fields including optoelec-
tronics, biological immunoassays, and biosensors (Gattas-Asfura et al. 2003). The
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size of the semiconductor nanoparticulate materials is what provides the ability to
customize luminescence for a particular application. The optoelectronic properties
are due to quantum-confinement effects that occur when a semiconductor particle size
falls within the bulk exciton Bohr radius (Gattas-Asfuraetal. 2003). QDs have several
important advantages including size-selection, narrow emission spectra, resistance to
photobleaching, improved brightness, and broad excitation spectra. This can allow
for semiconducting nanocomposites to be used in long-term sensing applications.

Pardo-Yissar et al. (2002) demonstrated solvent-induced switchable photoelec-
trochemical functions of hydrogel composites of PAAm and CdS that can be used
for signal-triggered systems. Bekiari et al. fabricated a PDMMA/CdS hydrogel
nanocomposite which could potentially be used in two-phase catalysis or drug deliv-
ery applications. Another hydrogel composite was synthesized by Gattas-Asfura
et al. through the immobilization of CdTe and CdSe quantum dots in PEG via phys-
ical entrapment which endowed the hydrogel with luminescent properties (Gattas-
Asfura et al. 2003). A CdS/PDMAA system has also been shown to be useful in
drug delivery applications (Bekiari et al. 2004). Further investigation of systems
involving quantum dots must be performed in order to continue discovering new
and better uses for these versatile nanoparticulate materials.

7.3.6 Miscellaneous Nanocomposites

Along with the previously discussed hydrogel nanocomposites, there are a number
of other nanoparticulates that have been used in hydrogel systems such as titanium
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Fig. 7.6 Photographs of the Na-MWNT/PVA composite hydrogel strip in an aqueous solution at
10 V/cm DC electric field at (a) 0s and (b) 30s. In (c) the schematic illustration of the bending
mechanism of the hydrogel strip due to the change of the osmosic pressure under a DC electric
field is shown (Barbucci et al. 2002)
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oxide, CNTs, chitosan, polymer colloids, and silica (De Queiroz et al. 2002; Millon
and Wan 2005; Tang et al. 2007; Prokop et al. 2002; Kim et al. 2000). Depending
on the type of nanoparticle used, they have been shown to change the properties of
hydrogels for applications in areas such as bone tissue engineering, drug delivery,
and wound dressing.

For bone tissue engineering applications, titanium oxide, silica, and CaCO3;
were utilized. PAAm gels were modified with CaCOs resulting in a nanocomposite
hydrogel that incorporates an organic matrix into a crystalline assembly that is simi-
lar to the natural bone biomineralization processes (Grassmann and Lobmann 2004).
PHEMA/SiO, nanocomposites have been developed which exhibit bioactivity and
promote osteoblast growth on their surface (Schiraldi et al. 2004; Costatini et al.
2006). The silica nanoparticles also improved the mechanical strength of the
material with improved organization of the polymer network due to the hydrogen
bonding of the polymeric chains with the hydrophilic particles. Prashanth et al. also
showed that a nanocomposite hydrogel consisting of PHEMA and TiO, nanopar-
ticles fabricated using an in situ sol-gel process has in vitro bioactive properties
through the formation of apatite on the surface of the material (Prashantha et al.
2006).

Carbon nanotubes can also be utilized in hydrogel nanocomposites. CNTs have
high tensile strength, are ultra light weight, and have excellent chemical and thermal
stability (Smart et al. 2006). They can be used as nano-fillers in hydrogel nanocom-
posites to dramatically improve mechanical properties and create highly anisotropic
composites. CNTs can be used to create electronically conductive polymers and
tissue engineering constructs with the capacity to provide controlled electrical stim-
ulation. Shi et al. developed a novel type of actuator based on multi-walled car-
bon nanotubes (MWCNT) and PVA which was externally actuated using a DC
electrical field (Shi et al. 2005). Figure 7.6 illustrates the bending mechanism of
the hydrogel strip due to the change of the osmosic pressure under a DC electric
field. This material can be used as a microswitch, artificial muscle, or prosthetic
device.

7.4 Biocompatibility and Toxicity Analysis

Although a handful of hydrogel nanocomposite systems have been studied for their
biocompatibility and bioactivity, this characterization has been left mostly unstud-
ied, and thus, their safety in biomedical applications is unknown. Fortunately, a
large body of work has been done in characterizing the hydrogels themselves as
well as many of the nanoparticulate materials that are being used in these compos-
ites. The remaining portion of this chapter will focus on the biocompatibility results
of hydrogels alone, the nanoparticles and nanoparticulates, and some hydrogel
nanocomposites.

The issues surrounding the safety of hydrogel nanocomposites ultimately lie
in the interest of using them in applications such as tissue engineering and drug
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delivery where the hydrogel matrices will be implanted in the body. Although
there may be some concern in the handling and fabrication of these biomateri-
als, our concern focuses mainly on the safety of these composites regarding their
biocompatibility. Classical chemical compounds are routinely tested for toxicity
prior to release to the public whereas no such procedures exist for nanomaterials.
Therefore, pre-screening nanomaterials are advantageous in determining detrimen-
tal effects on humans (Brunner et al. 2006). Despite the fact that a large number
of hydrogel nanocomposites have been characterized for uses in a wide variety of
biomedical applications, the literature available on their inherent biocompatibility
is minimal.

Biocompatibility is defined by Williams as, “the ability of a material to perform
with an appropriate host response in a specific application” (Williams 1986). The
premise behind this is not only that a biomaterial initiates the desired response in the
body but also that the body does not adversely affect the material itself. The desired
host response to a biomaterial may include normal healing around the implant, resis-
tance to blood clotting, or successful cell growth for tissue engineering. For some
hydrogel nanocomposite implant applications, it is important that the gel be rela-
tively inert, non-toxic, and not harmful to surrounding tissues.

It is necessary to perform a number of different tests on biomaterials in order
to assess their biological tolerance and biocompatibility. This testing may involve
in vivo characterization using animal models such as rats or in vitro testing con-
ducted with cell culture lines. Owing to the fact that in vivo animal testing is
expensive and involves regulatory concerns, in vitro biocompatibility testing is most
often used to characterize newly developed biomaterials. Many in vitro biocom-
patibility tests have been developed to simulate and predict biological reactions to
biomaterials when they are placed near tissues in the body (Hanks et al. 1996).
These initial screening tests may include, but are not limited to, cytocompatibil-
ity or hemocompatibility analysis. Cytocompatibility analysis involves cytotoxicity
tests which entail morphological evaluations on cell lines to determine if cells have
died or undergo other negative changes because of interactions with the biomaterial
(Pizzoferrato et al. 1994). Hemocompatibility evaluates the blood clotting cascade
on biomaterials or devices that are in contact with blood.

When evaluating cytocompatibility, cell culture models can be used to screen
biomaterials for acute toxicity and to assess any potentially harmful substances
that may leach from the material. The cell lines used may be primary cells
obtained directly from host tissues or continuous cell lines that are readily avail-
able from various companies such as the American Type Culture Collection (ATCC)
(Pizzoferrato et al. 1994). Continuous cell lines such as fibroblasts or embryo cells
are the most commonly used because they are usually inexpensive and easy to
obtain. For cytocompatibility examination, the tests to be performed can be divided
into three categories: (1) direct contact testing where the cells and material are in
intimate contact, (2) indirect testing where the cells and materials are in the same
solution but not touching, and (3) elution or extract testing which involves char-
acterizing the effect of leachable substances in media that was in contact with the
biomaterials from the material on the cells.
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Hemocompatibility examination is also important in determining the biocom-
patibility of blood-contacting materials. From the International Organization of
Standards perspective, there are five categories that can be explored for hemocom-
patibility evaluation including thrombosis, coagulation, platelet interactions, hema-
tology, and immunology (Ratner et al. 2004). Despite this, there are no widely
recognized standards for determining the blood compatibility of a material. Of the
hemocompatibility testing performed, however, the evaluation methods most com-
monly utilized include measuring platelet adhesion and/or activation and measuring
the mass of thrombus formation on the material. All of these evaluation methods
are important because upon biomaterial interactions with injured tissue, platelets
become activated, induce fibrin to crosslink, and form a platelet-fibrin thrombus
which shows a lack of hemocompatibility of the material (Amarnath et al. 2006).

In regards to the biocompatibility of hydrogel nhanocomposites, a limited amount
of cytocompatibility or hemocompatibility studies have been performed. However,
a wide variety of literature is available regarding the biocompatibility of the hydro-
gel and nanoparticulate components that make up a hydrogel nanocomposite. One
of the advantages of hydrogel nanocomposites is that hydrogels can potentially pro-
vide increased biocompatibility over exposed nanoparticulates by encapsulating the
particulate matter in the composite matrix and providing a barrier to sensitive tis-
sues. Despite this, as more and more hydrogel nanocomposites are fabricated and
characterized for various applications, it is important that continuous biocompati-
bility issues and safety of these materials be examined.

7.4.1 Biocompatibility and Toxicity Analysis of Hydrogels

Hydrogels comprised polymers such as PHEMA, PEG, and PNIPAAmM have been
readily investigated for biocompatibility and are currently used in biomedical
applications such as contact lenses and tissue engineering. Other hydrogel sys-
tems including those of poly(vinyl alcohol) (PVA), poly(ethylene oxide) (PEO),
poly(methyl methacrylate) (PMMA), and a combination of other polymers have
also been studied for both cytotoxicity and hemocompatibility. Based on these stud-
ies, it is widely accepted that hydrogels are biocompatible and can be successfully
used in biomedical applications. The biocompatibility of hydrogels stems from their
similarity to soft tissue due to their hydrophilic nature and high water content.

For hydrogel systems, the cytotoxicity of the following could be examined: (1)
the hydrogel constituents including the monomers, crosslinking agents, and initia-
tors, (2) the substances leached from the crosslinked hydrogels (unreacted residues
and byproducts), and (3) degradation products from the biodegradable hydrogels
(Shin et al. 2003). Most toxicity issues surrounding hydrogels are associated with
unreacted monomers and initiators that can leach out during application (Peppas
et al. 2000). Some measures taken to overcome this issue include modifying the
polymerization conditions to ensure higher conversion and extensive washing of the
resulting hydrogel. Although biocompatibility testing of each system must be per-
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formed, the testing of a specific hydrogel system is sufficient due to the combination
of the effect of the various constituents. A brief summary of the biocompatibility of
hydrogels follows.

PHEMA is a highly biocompatible hydrogel that has been used extensively in
specific biomedical applications such as contact lenses, vascular prostheses, drug
delivery, and soft tissue replacement (Costatini et al. 2006). It has been combined
with a number of other polymers to extend these applications and improve the char-
acteristics of the materials. A hydrogel system of PEG and PHEMA was investigated
for its use in blood-contacting medical devices and it was shown that the incorpo-
ration of PEG allowed for better blood biocompatibility (Bajpai 2007). This can
be attributed to the fact that PEG is a hydrophilic polymer which has the ability to
prevent protein adsorption which in turn minimizes blood clot formation.

PEG is an important biomaterial, with excellent biocompatibility properties. Its
versatility has established the material as a desirable medium in many different
biomedical applications (Gattas-Asfura et al. 2003). Selecting PEG as one of the
components of a hydrogel is wise in that: (1) it is known to prevent the immunore-
action of the body to the biomaterial (stealth properties) (Yu et al. 1991), (2) the
attachment of PEG to a biomaterial surface reduces protein adsorption and platelet
adhesion (Bajpai 2007), and (3) it is a water-soluble polymer with high non-toxic
and non-immunogenic properties (Bajpai and Shrivastava 2002).

Hydrogel systems of temperature-sensitive PNIPAAm have also been shown to
be biocompatible. A PNIPAAm/poly(vinylcaprolactam) hydrogel was tested for in
vitro cytotoxicity using two human carcinoma cell lines and it was found that the
system was well tolerated by the gels (Vihola et al. 2005). PNIPAAmM/hydroxypropyl
cellulose nanoparticles were fabricated, and when tested in a mouse implantation
model, it was found that they triggered minimal inflammatory cell accumulation
and fibrotic capsule formation around the implantation site (Weng et al. 2004). One
of the most important reasons for testing the biocompatibility of PNIPAAmM hydro-
gel systems is that it is known that NIPAAm monomer may be carcinogenic or
teratogenic (Weng et al. 2004).

A number of other tests including direct and indirect contact methods have been
completed on other hydrogel systems. Dextran-based methacrylate hydrogels have
shown good biocompatibility in vitro (De Groot et al. 2001), PAAm had no cytotoxic
effects on NIH 3T3 murine fibroblasts, and multiple 2-methacryloyloxyethyl phos-
phorylcholine (MPC)-based systems have been found to be biocompatible when
exposed to multiple cell lines (Kimura et al. 2006, Trojani et al. 2006, Nakabayashi
and Williams 2003). Sugiyami et al. presented the biocompatibility of polyethy-
lene grafted (g-PE) films modified with multiple polymer segments by measuring
the adsorption of serum proteins to the surfaces and the rate of enzymatic reaction
of thrombin with a synthetic substrate. It was found that PMPC-g-PE suppressed
the amount of proteins adherent to the surface more than any other system because
the PMPC segments have the largest amount of free water around the main chain
(Sugiyami et al. 2000).

Overall, the hydrogel component of hydrogel nanocomposites typically poses
the least risk when examining the composites for biocompatibility. Many hydrogels
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have been characterized for cytotoxicity and hemocompatibility as well as charac-
terized using in vivo models. The ultimate success in their biocompatibility has led
to their current use in applications such as tissue engineering and contact lenses.

7.4.2 Biocompatibility and Toxicity Analysis of Nanoparticulates

Nanoparticles may be considered the most “important” constituent in hydrogel
nanocomposites in that they ultimately provide an improvement in physical appli-
cations and subsequent expansion of hydrogel applications. They are also of the
greatest concern in evaluating the safety of the hydrogel systems. A wide variety
of literature is available concerning the biocompatibility of nanoparticles. The bio-
compatibility of the nanoparticulate material depends on a number of characteristics
specific to the material including size, chemical composition, shape, and surface
interactions. Unfortunately, despite the information available on nanoparticle bio-
compatibility, much of it can be contradictory and misleading which is yet another
reason why the evaluation of each new hydrogel nanocomposite for biocompati-
bility is so important. Specific testing is important because there are a number of
ways nanoparticles can harm an organism. Nanoparticles could be composed of
toxic materials that are harmful to cells. They could also cause harm by either stick-
ing to the cells or due to cellular uptake of the particles. Finally, the shape of the
nanoparticles could damage the cells (Kirchner et al. 2005).

Literature regarding biocompatibility is available on the most common nanopar-
ticulate materials utilized in hydrogel nanocomposites including magnetic nanopar-
ticles, semiconducting and metallic nanoparticles, and CNTs. For example, the use
of gold nanoparticles has attracted a great deal of interest due to their interesting
optical properties and potential applications in bioanalytical applications and PEG-
coated gold nanoparticles have been found to be biocompatible due to the function-
alized PEG monolayer on their surface (Tshikhudo et al. 2004).

Semiconducting nanoparticles (quantum dots or QDs) have been some of the
more extensively studied nanoparticulate materials. Overall, there have been mixed
reports on the stability and subsequent biocompatibility of quantum dots when
used for long-term applications. In order to overcome quantum dot cytotoxicity,
the release of Cd atoms into the surrounding medium must be inhibited and the bio-
chemical mechanism of cytotoxicity must be determined (Tsay and Michalet 2005).
Kirchner et al. studied CdSe and CdSe/ZnS quantum dots and showed that their
cytotoxic effect was dependent on the surface chemistry of the nanoparticles and
their stability towards aggregation (Kirchner et al. 2005). Coating QDs with ZnS
increased the nanoparticle concentration by an order of 10 to where there were not
toxic effects on the cells compared to uncoated QDs. It is possible that by provid-
ing a “shielding” effect to QDs with a hydrogel matrix that these systems could be
rendered biocompatible.

Carbon nanotubes have also been studied for biocompatibility. It has been shown
that rope-like agglomerates induce a more pronounced cytotoxic effect on cells than
suspended CNT-bundles indicating a dependency on CNT aggregation (Wick et al.



152 S.A. Meenach et al.

2007). Also, Smart et al. (2006) presented a detailed review on the biocompatibility
of CNTs including a wide array of contradictory materials. Despite this they were
able to conclude that unrefined CNTs possess some degree of toxicity both in vivo
and in vitro, that pristine CNTs have been shown to cause minimal cytotoxicity, and
that chemically functionalized CNTs have not demonstrated any cytotoxicity. Ulti-
mately, they warn that the scientific community should remain cautiously enthused
by the potential biomedical applications of CNT-based materials until further more
specific studies are conducted.

Iron oxide nanoparticles have been utilized in biomedical applications such
as magnetic resonance imaging indicating their ability to be biocompatible.
This biocompatibility is dependent on the coating surrounding the iron oxide
nanoparticle. Iron oxide nanoparticles vary in their sizes and types of coatings which
effects their circulation time in the blood, distribution in the body, and extent of
uptake into cells (Muller et al. 2007). A number of coatings have been utilized and
shown to render such magnetic particles biocompatible. These include polyoxyethy-
lene (10) oleyl ether (Kim et al. 2001), PEG (Gupta and Curtis 2004), Frumoxtran-
10 (Muller et al. 2007), hydroxide groups incorporated with (CH3)4N* (Cheng et
al. 2005), and pullulan (Gupta and Gupta 2005). It is possible that by incorporating
these materials into a hydrogel matrix that it may provide the necessary “coating”
for the nanoparticles which can increase their biocompatibility.

A number of other nanoparticles used in hydrogel nanocomposites have been
studied for biocompatibility including silica, HA, and titanium oxide. Overall, they
have shown to be biocompatible depending on the experimental conditions. As such,
for all nanoparticles investigated, it cannot be assumed that they are biocompatible
until testing is done in the condition the nanoparticles will be used.

7.4.3 Biocompatibility and Toxicity Analysis of Hydrogel
Nanocomposites

A limited number of hydrogel nanocomposites have been studied for safety
in biomedical applications. One of the most significant studies involves a
clay/hydrogel composite that can be used for cell cultivation (Haraguchi et al. 2006).
In these studies, cell cultivation on the surface of a PNIPAAm/clay crosslinked net-
work was shown to be successful for three lines of cells including HepG2 human
hepatoma cells, human dermal fibroblasts, and human umbilical vein endothe-
lial cells. A HYAFF®11 and HA nanocomposite showed no cytotoxic effects
and no inhibition of osteoblast (bone cell) proliferation (Giordano et al. 2006).
A PHEMA/silica composite also showed improved adhesion and proliferation of
osteoblasts on the material with the increase of nanomeric filler content (Schiraldi
et al. 2004). A self-hardening Si-hydroxypropymethylcellulose/HA/tricalcium
phosphate hydrogel loaded with BMSCs was found to lack a fibrous capsule upon
implantation indicating favorable biocompatibility (Trojani et al. 2006). Similarly, a
PVA/chitosan composite was investigated for the use as a wound-dressing material
and showed good results in in vivo experiments with rats (De Queiroz et al. 2002).
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Fig. 7.7 Fluorescence microscopy images of live cells on a hydrogel nanocomposite comprised of
90 mol % PNIPAAm and 10 mol % TEGDMA at a seeding density of 100 cells cm= for 7 days
(a) with 1 wt% Fe3 O, and (b) without Fe3O4

Obviously, these are limited studies and have been specifically tailored to the appli-
cation of the material of interest. Overall, it is these types of specific studies that will
need to be completed to ensure that hydrogel nanocomposites can be safely used in
biomedical applications.

Preliminary studies in our lab have been performed to determine the biocompati-
bility of a magnetic hydrogel nanocomposite composed of NIPAAm and iron oxide
nanoparticles. This nanocomposite has the potential to be used in applications such
as remote-controlled drug delivery and hyperthermia applications owing to its heat-
ing ability upon exposure to an alternating magnetic field. The studies performed
have examined the cytotoxicity effect of the magnetic nanocomposite in direct
contact with NIH 3T3 murine fibroblasts and the platelet activation on the mate-
rial. As shown in Fig. 7.7 , initial results indicate that the nanocomposites do not
adversely affect the fibroblasts as seen by the live cells available on the materials
after 7 days.

7.5 Concluding Remarks

Hydrogel nanocomposites are novel biomaterials that can be used in a wide variety
of applications including tissue engineering, drug delivery, and hyperthermia treat-
ment. They are often advantageous to conventional hydrogels in that they provide
improved properties such as increased mechanical strength and unique properties
such as remote control actuation. These improvements can allow for hydrogel sys-
tems to be used in areas (e.g. bone tissue engineering) where they would not have
been used before.

The safety of hydrogel nanocomposites can be evaluated through their biocom-
patibility responses. So far, a limited amount of research is available showing the
biocompatibility of these systems, although there is a large amount of information
available on the hydrogel and nanoparticle components that make up the composites.
Although it would be ideal to assume that since each of the constituents of a hydro-
gel nanocomposite is biocompatible that the entire system would also be, however,
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this is not necessarily a wise assumption. It is necessary to evaluate each composite
based on the specific application, it will be used in whether that is tissue engineer-
ing, biosensors, or drug delivery. Only at this point can a hydrogel nanocomposite
be deemed safe for biomedical use.
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Chapter 8
Cytotoxicity and Genotoxicity of Carbon
Nanomaterials

Amanda M. Schrand, Jay Johnson, Liming Dai, Saber M. Hussain,
John J. Schlager, Lin Zhu, Yiling Hong, and Eiji Osawa

Abstract With the recent development in nanoscience and nanotechnology, there
is a pressing demand for assessment of the potential hazards of carbon nanomateri-
als to humans and other biological systems. This chapter summarizes our recent in
vitro cytotoxicity and genotoxicity studies on carbon nanomaterials with an empha-
sis on carbon nanotubes and nanodiamonds. The studies summarized in this chapter
demonstrate that carbon nanomaterials exhibit material-specific and cell-specific
cytotoxicity with the general trend for biocompatibility: nanodiamonds > carbon
black powders > multiwalled carbon nanotubes > single-walled carbon nanotubes,
with macrophages being much more sensitive to the cytotoxicity of these carbon
nanomaterials than neuroblastoma cells. However, the cytotoxicity to carbon nano-
materials could be tuned by functionalizing the nanomaterials with different surface
groups. Multiwalled carbon nanotubes and nanodiamonds, albeit to a less extend,
can accumulate in mouse embryonic stem (ES) cells to cause DNA damage through
reactive oxygen species (ROS) generation and to increase the mutation frequency in
mouse ES cells. These results point out the great need for careful scrutiny of the toxi-
city of nanomaterials at the molecular level, or genotoxicity, even for those materials
like multiwalled carbon nanotubes and nanodiamonds that have been demonstrated
to cause limited or no toxicity at the cellular level.
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8.1 Introduction

Carbon is an essential part of living organisms and is abundant in nature in pure
forms and in combination with other elements. From an engineering perspective,
carbon is of great importance because of its ability to form different structures with
unique properties. Carbon has long been known to exist in three forms: amorphous
carbon, graphite, and diamond (Marsh 1989). The Noble-Prize-winning discovery
of buckminsterfullerene Cgo created an entirely new branch of carbon chemistry
(Kroto et al. 1985; Hirsch 1994; Taylor 1995). The subsequent discovery of carbon
nanotubes by lijima opened up a new era in materials science and nanotechnol-
ogy (lijima 1991; Dresselhaus et al. 1996; Meyyappan 2005; Harris 2001). Having
conjugated all-carbon structures with unusual molecular symmetries, fullerenes and
carbon nanotubes show interesting electronic, photonic, magnetic, and mechani-
cal properties attractive for various applications (Dai 2004, 2006). Nanodiamonds
(NDs) are the most recent additions to members of the carbon family. With
the diamond structure at a nanometer scale, NDs also exhibit unique mechani-
cal and optoelectronic properties for a variety of important applications, includ-
ing field emission displays (McCauley et al. 1998) and nanotribology (Erdemir
et al. 1996, 1997).

With the recent development in nanoscience and nanotechnology, there is a press-
ing demand for large-scale production of carbon nanomaterials for various poten-
tial applications. The number of industrial-scale facilities for the relatively low-cost
production of carbon nanomaterials continues to grow. For instance, the worldwide
production of single- and multi-walled carbon nanotubes alone is projected to reach
over 500 tons by 2008 (Borm et al. 2006). Consequently, the exposure to carbon
nanomaterials via occupational, consumer, environmental, or biomedical arenas is
expected to continue to increase at a rapid rate. Although most bulk carbon mate-
rials are considered biocompatible due to their chemical inertness to cells, their
reactivity and surface properties may change dramatically once carbon is reduced
in size to the nano-scale. At the nanometer scale, the wave like properties of elec-
trons inside matter and atomic interactions are influenced by the size of the material
(Goldstein 1997). As a consequence, changes in the size-dependent properties (e.g.,
melting points, magnetic, optic, and electronic properties) may be observed even
without any compositional change (Goldstein 1997). Due to the high surface-to-
volume ratio associated with nanometer-sized materials, a tremendous change in
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chemical properties is also possible through a reduction in size (Goldstein 1997).
The small size and high surface-to-volume ratio of carbon nanomaterials could also
affect interactions at the cellular level, leading to enhanced permeability through
the cell membrane with a profound influence on cellular dynamics (Dai 2006; Hurt
et al. 2006). On the other hand, recent studies have clearly indicated great promise
for carbon nanomaterials to be used as advanced drug carriers, imaging probes,
or implant biomedical devices in biological systems (Dai 2006) where the use of
bulk carbon films or fibers was proven to be inadequate. Therefore, it is essential to
ascertain the potential hazards of carbon nanomaterials to humans and other biolog-
ical systems. While the scientific community has been so far primarily focused on
the potential cytotoxicity of carbon nanomaterials, albeit with somewhat conflicting
results, the study on genotoxicity of carbon nanomaterials is beginning to emerge as
an important research area. In this chapter, we will summarize our recent studies on
the cytotoxicity and genotoxicity of carbon nanomaterials with in vitro cell culture,
though references are also made to other complementary work as appropriate. Since
the biological toxicity of fullerene Cgg and its derivatives has been reviewed else-
where (Dai 2006), we will focus on carbon nanotubes and NDs only in this article.
In what follows, we will first describe a variety of methods for the assessment of
cytotoxicity and genotoxicity. Then, we will summarize our studies on cytotoxic-
ity of carbon nanotubes and NDs. Finally, some of our recent results from carbon
nanotube genotoxicity will be discussed.

8.2 Assaysfor the Assessment of Cytotoxicity

In vitro cytotoxicity can be investigated by monitoring the decreased mitochon-
drial function (e.g., MTT assay for reduction of tetrazolium salt), increased mito-
chondrial membrane permeability (MMP), breakdown of the cellular permeabil-
ity barrier (e.g., lactase dehydrogenase (LDH) assay), decreased uptake of neutral
red by lysosomes (NR assay), loss of glutathione (e.g., GSH), activation of pro-
inflammatory cytokines (e.g., IL-6, IL-8, TNF-a), and generation of reactive oxygen
species (ROS) with the subsequent observation of cell morphology and proliferation
changes.

Because of their crucial role in maintaining cellular structure and function via
aerobic adenosine triphosphate (ATP) production (Hussain and Frazier 2002), mito-
chondria are vulnerable targets for toxic injury by a variety of compounds. The
MTT assay is a colorimetric assay based on the ability of mitochondrial dehy-
drogenases in viable cells to reduce the yellow-colored water soluble tetrazolium
salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye into
water-insoluble purple-colored formazan crystals. These crystals are then extracted,
solubilized, and homogenized from the cells with acidified isopropanol and evalu-
ated spectrophotometrically for changes in optical density (OD) at 570-630 nm on
a microplate reader (Hussain and Frazier 2002). An additional centrifugation step
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to remove nanomaterials from the solution before microplate reading can be per-
formed in order to avoid direct interference of the absorption values, as is the case
in some previous studies (Schrand et al. 2007). Because MTT reduction occurs only
in functional mitochondria, a decrease in MTT dye reduction compared to untreated
cells is an indication of reduced cell viability.

Changes in MMP can indicate the initiation of apoptosis, which is defined by the
collapse in electrochemical gradient across the mitochondria called the membrane
potential (A¥). The insertion of apoptotic proteins or possibly the translocation of
nanomaterials into the organelle can create pores, which dissipate the transmem-
brane potential. A cell permeable, lipophilic Mit ~-E-W'™ fluorescent reagent (i.e.,
a fluorescent cationic dye commonly known as JC-1) can be used to monitor the per-
meability of the mitochondrial membrane on a fluorescent microscopy (TRITC and
FITC filters). Once internalized by a health cell, the delocalized positive charge on
the dye allows it to enter the negatively charged mitochondria, where it aggregates
and fluoresces red. When the mitochondrial AW collapses, however, the reagent no
longer accumulates inside the mitochondria. Instead, the dye is distributed in the
cytoplasm to assume a monomeric form, which fluoresces green. The ratio of red
and green can then be used to estimate the degree of mitochondrial damage and
apoptotic cells.

Plasma membrane integrity can be evaluated by measuring LDH leakage with
testing kits, such as the CytoTox 96® Non-Radioactive Cytotoxicity Assay from
Promega. This colorimetric assay allows quantitative measurements of lactate dehy-
drogenase (LDH), a stable cytosolic enzyme that releases upon cell lysis. The
released LDH in culture supernatants can be measured with a 30-min coupled enzy-
matic assay involving the conversion of a tetrazolium salt into a red formazan prod-
uct, which is proportional to the number of lysed cells. The absorbance is read on
a microplate reader at 490 nm and compared to controls for estimating the plasma
membrane damage.

Reactive oxygen species (ROS) are naturally generated by-products of cellular
redox/enzymatic reactions, including mitochondrial respiration, phagocytosis, and
metabolism. However, ROS can also accumulate leading to a condition known as
oxidative stress, which is involved in various pathological conditions (Farber et al.
1990). Increases in intracellular ROS (oxidative stress) represent a potentially toxic
insult which, if not neutralized by antioxidant defenses (e.g., glutathione and antiox-
idant enzymes), could lead to membrane disfunction, protein degradation, and DNA
damage (Preece and Timbrell 1989; Loft and Poulsen 1999; Halliwell et al. 1992;
Yu 1994; Siesjo et al. 1989). In order to test the ROS level, the cell permeable
probe (i.e., 2’,7’-dichlorodihdrydrofluorescein diacetate, H,DCF-DA) is internal-
ized by cells within 30 min to allow intracellular esterases to cleave the diacetate
group away from H,DCF, which is further oxidized in the cytoplasm by intra-
cellular ROS to a fluorescent form of the probe (i.e., dichlorofluorescein, DCF).
Consequently, the relative fluorescent intensity at 530 nm (Agx = 485 nm) can
be measured with a fluorescent microplate reader and compared to control cells
for estimating the cumulative production of ROS over a period of nanoparticle
exposure.
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8.3 Cytotoxicity of Carbon Nanomaterials

Although carbon nanomaterials have been examined “in vivo” within living
organisms, the scientific community has been so far primarily focused on the
“in vitro” cytotoxicity study in artificial environments outside living organisms
(Eisenbrand et al. 2002). Generally speaking, in vitro assays consist of subcellular
systems (e.g., macromolecules, organelles), cellular systems (e.g., individual cells,
co-culture, barrier systems), and whole tissues (e.g., organs, slices, explants). The
cytotoxicity data obtained from such in vitro systems have been used to screen,
rank, and predict the acute hazards and interaction mechanisms with animals or
humans. The data obtained from in vitro cytotoxicity studies have been found to
be in good correlation with acute toxicity in animals and humans after studying
a diverse array of chemicals (Clemedson et al. 2000). However, Kinetic factors
and target organ specificities often weaken the correlation. Some other limitations
associated with in vitro methods include the transformation or immortalization of
the cell lines that may alter the intrinsic properties of the cells; selective toxicity
in which some cell types are more sensitive than others; isolation of the cells from
their natural environment; and the difficulty in studying integrated groups of cells
or organ systems. Therefore, in vitro studies are conducted just as a rapid and
inexpensive means to uncover the underlying toxicity mechanisms of the selected
chemicals without the use of animals (Castell 1997). The general mechanism of
cytoxicity thus revealed can form a basis for further assessing the potential risk of
nanomaterial exposure to biological systems.

As schematically shown in Fig. 8.1, some of the possible interactions character-
istic of nanomaterials in the cell culture environment include, but not limited by,
the binding with components of the cell culture (such as proteins or other small
molecules), electrostatic attraction of positively charged nanomaterials to the cell
membrane, their attachment, internalization, and possibly release. On the other
hand, cells respond to toxic stress by altering their metabolic rates, cell growth,
or gene transcription (Eisenbrand et al. 2002).

8.3.1 Unmodified Carbon Nanomaterials

We first utilized unmodified multiwalled carbon nanotubes (MWNTS) suspended in
RPMI cell culture media containing 10% serum for investigating their cytotoxicity
with a neuronal cell line, PC-12. In these studies, we used the well-known water
soluble neurotoxin and cadmium oxide (CdO) as the positive control. Fine carbon
black nanoparticles (CB, 20 nm) were chosen as the negative control, which have
historically been used in inhalation studies as a fine particle control (Shvedova et
al. 2005).Assessment of MWNT toxicity with the MTT assay showed that PC-12
cells incubated with 50-100 wg/ml of MWNTS have significantly decreased viabil-
ity compared to the untreated control (Fig. 8.2A). The corresponding measurement
of plasma membrane leakage with the LDH assay showed no significant increase
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Fig. 8.1 Schematic representation of some possible interactions of nanomaterials with a cell in
culture media

in leakage compared to the control at any of the nanotube concentrations tested
(Fig. 8.2B).

TEM examination of cell cross sections revealed the presence of nanotube bun-
dles both outside the cell and those beginning to penetrate the cell membrane, as
marked by black arrows in Fig. 8.3. Other cell membrane features, such as finger-
like projections (called filopodia as marked by white arrows), were preserved in
some cells, showing the similarity in morphology to the nanotubes. It is not known
whether these membrane features further prevented nanotube internalization or if
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Fig. 8.2 PC-12 cell viability and membrane leakage results after incubation with 5-100 p.g/ml of
MWNT for 24 h. (A) MTT assay viability data and (B) LDH assay data (adapted from Schrand
et al. 2007d)
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Fig. 8.3 Transmission electron microscope (TEM) images of PC-12 cells showing the interaction
of MWNTs with the cell membrane (black arrows) and the similar morphology of membrane
projections called filopodia (white arrows). Scale bars are 100 nm

penetration of the nanotubes into the cell membranes was merely an artifact of the
processing, which depends on the aggregation behavior of MWNTSs in cell culture
media. The effect of nanotube dispersion on cytotoxicity will be discussed later in
more details below in the section on functionalized carbon nanotubes.

8.3.2 Functionalized Carbon Nanotubes

Along with recent studies on the impact of surface functionalization on cytotoxicity
(Sayes et al. 2005; Sato et al. 2005; Magrez et al. 2006), we have found that function-
alization of MWNTs with sodium sulfonic acid salt (-SOzNa or -phenyl-SO3;Na)
increased their biocompatibility to neuroblastoma cells with respect to unfunction-
alized MWNTSs or carboxylic acid (-COOH) functionalized MWNTSs (Fig. 8.4).
Screening of these different carbon nanotubes for cytotoxicity was performed with
the MTT assay, which shows MWNT-SO3Na > MWNT and SWNT-phenyl-SO3;Na
> SWNT (Fig. 8.4A). The positive control CdO showed drastic decreases in viabil-
ity at all concentrations in this study, indicating the validity of the assay. Another
viability assay based on luminescent ATP production showed similar results, indi-
cating that MWNT-COOH slightly reduced viability compared to CB or MWNT
(Fig. 8.4B).

Other studies have shown increased biocompatibility after functionalization, but
this is highly dependent on the type of functional groups introduced. For example,
human dermal fibroblasts incubated with functionalized, water dispersible SWNTs
(SWNT-phenyl-SO3H, SWNT-phenyl-SO3;Na, or SWNT-phenyl-(COOH),) were
found to be more biocompatible compared to unfunctionalized, surfactant stabilized
SWNT (Sayes et al. 2005). However, SWNT-COOH produced a greater reduction in
cell viability compared to SWNT-SO3H. In particular, cells incubated with SWNT-
COOH were significantly more toxic than the control at concentrations ranging from
10 to 200 pg/ml, whereas SWNT-phenyl-SO3;H was not toxic at concentrations up
to 2 mg/ml.
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Fig. 84 (A) MTT viability assay and (ATP) assay of sodium sulfonic acid salt functionalized
MWNT compared to acid functionalized MWNT-COOH or unfunctionalized MWNT in neurob-
lastoma cells. The first number before each of the items along the X-axis in (B) represents its
concentration in (ug/ml)

Other notable studies have also showed that surface functionalization of carbon
nanotubes with carbonyl C=0, carboxyl (COOH), and/or hydroxyl (OH) played a
role in the cytotoxic response (Magrez et al. 2006; Bottini et al. 2006). Although
it was shown earlier that MWNTSs were the least toxic in lung tumor cells com-
pared to CB or carbon nanofibers (CNFs), the carbon nanotubes were found to
increase in cytotoxicity after acid functionalization (Magrez et al. 2006). Bottini
et al. (2006) examined the toxicity of the pristine (purity > 95%) and acid-oxidized
MWNTSs in human T-cells at a concentration of 400 wg/ml. It was found that
the pristine MWNTSs reduced viability by 50% over 5 days, whereas the oxidized
MWNTSs reduced the viability further down to < 20%. However, the incorporation
of hydrochloric acid purified MWNTS (>96 wt% purity) into polysulfone thin films
was found to show good biocompatibility with both human osteoblasts and fibrob-
lasts for up to 7 days (Chlopek et al. 2006).
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The differential toxicities for functionalized and unfunctionalized carbon nan-
otubes may be explained by changes in surface chemistry, purity, and dispersion.
For example, the dispersion of MWNT-COOH was visibly better than MWNT or
CB after incubating for 24 h with neuroblastoma cells. This most probably led to
a higher uptake and hence the enhanced toxicity of MWNT-COOH, as examined
with the MTT and ATP assays. However, one also needs to consider possible cyto-
toxicity effects of the removal of amorphous carbon, residual metal catalysts, and
other “contaminants” by treating the nanotube samples with certain strong acids
(e.g., hydrochloric, nitric, sulfuric acid). Some chemical or physical methods used to
functionalize carbon nanomaterials may also effectively prevent them from a direct
contact with the cell due to changes in their surface hydrophobicity/hydrophilicity.
These effects could reduce the cytotoxicity. Indeed, Wick et al. (2007) showed that
their purified SWNTSs dispersed well in a biocompatible surfactant and became less
cytotoxic than micron-sized agglomerates of SWNTSs.

8.3.3 Nanodiamonds

Since carbon nanotubes and NDs can be similarly modified for nanocomposite and
biological applications (Osswald et al. 2006; Khabashesku et al. 2005), it is envis-
aged that ND may prove to be an excellent drug carrier, imaging probe, or implant
coating in biological systems compared to currently used nanomaterials due to its
optical transparency, chemical inertness, high specific area, and hardness (Huang
and Chang 2004; Shenderova et al. 2002). For instance, diamond nanoparticles
(NDs) have been shown to efficiently adsorb proteins due to their high surface-
to-volume ratio (Huang and Chang 2004); Huang et al. 2004; Bondar et al. 2004),
to readily translocate across the cell membrane due to their small size (Yu et al.
2005; Schrand et al. 2007), to alter human gene expression responsible for cancer
(Bakowicz-Mitura et al. 2007), and to cause white cell destruction and erythrocyte
hemolysis (Puzyr et al. 2004, Table 8.1).

Recent progresses in the dispersion of detonation NDs (2-10 nm) in aqueous
media made by Osawa and co-workers has facilitated the use of NDs in physiolog-
ical solutions (Kriiger et al. 2005), whereas most previous studies have focused on
polycrystalline CVD diamond films for biomedical applications (Yang et al. 2002;
Poh and Loh 2004; Huang et al. 2004). Early experimental work with cells exposed
to micron-sized diamond particles supports its low reactivity and high biocompat-
ibility. For example, several studies in polymorphonuclear (PMN) leukocytes have
shown that micron-sized diamond particles can be used as an inert control because
they not only do not stimulate the production of ROS (Hedenborg and Klockars
1989) with no effect on degranulation or secretion of cell motility factors (Hig-
son and Jones 1984) but also can be phagocytosed without chemotactic activity
(Tse and Phelps 1970). In other cell types, such as macrophages that readily ingest
large amounts of debris, micron-sized diamond dust particles were found to be
non-fibrogenic (Schmidt et al. 1984). They did not affect cell viability for at least
30 h (Allison et al. 1966), and did not activate or change the cell morphology or
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production of interleukin 1-B (Nordsletten et al. 1996). In cells of the connective
tissue and fibroblasts, micron-sized diamond particles did not induce the fibrogenic
activity (Allison et al. 1966; Luhr, 1958), release of proliferation factors (Schmidt
et al. 1984), or mitogenic effect (Cheung et al. 1984). In animal studies, diamond
microparticles did not contribute to inflammation when introduced or injected into
implant traversing canals in rabbits (Aspenberg et al. 1996), canine knee joints (Tse
and Phelps 1970), or the complement system (Doherty et al. 1983). No detectable
hemolysis was observed when blood was exposed to micro-sized diamond powders
for 60 min (Dion et al. 1993).

More recent studies with nano-sized diamonds have also demonstrated that they
are well tolerated by various cell types (Yu et al. 2005; Schrand et al. 2007). Yu
et al. (2005) investigated the biocompatibility of relatively large synthetic abrasive
diamond powders (100 nm) in kidney cells and found very low cytotoxicity after
incubation for 3 h at concentrations up to 400 wg/ml. Since smaller detonation NDs
have many advantages over other carbon nanomaterials, including its very small
size, low cost synthesis, optical transparency, and ability to fluoresce after electron
beam irradiation, we studied the interaction and biocompatibility of the detonation
NDs (2-10 nm), with or without acid or base purification, at concentrations up to
100 pg/ml for 24 h in a variety of cell types, such as alveolar macrophages, ker-
atinocytes, neuroblastoma cells, and PC-12 cells.

As can be seen in Fig. 8.5, neuroblastoma cells after 24 h of incubation with NDs
appeared similar to controls with some elongated neurites while others remained
rounded, which is typical for this heterogeneous population of cells. Agglomerates
of NDs were visible in the surrounding media, at cell borders, and along neurites

Fig. 8.5 Morphological observation of neuroblastoma cells with light microscopy after 24 h of
incubation with acid or base purified nanodiamonds. (A) Control, (B) 100 wg/ml ND-raw, (C)
100 p.g/ml ND-COOH, (D) 100 pg/ml ND-COONa, (E) 100 pg/ml ND-SO3Na, and (F) 2.5 pg/ml
CdO. Note that agglomerates of nanodiamonds are seen surrounding the cell borders and attached
to neurite extensions whereas cell morphology is unaffected by their presence compared to the
control. However, CdO induced cell shrinkage and rounding indicative of toxicity. Scale bars are
20 pm (adapted from Schrand et al. 2007b)
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(Fig. 8.5B-E). In contrast, cells incubated with the positive control CdO (Fig. 8.5F)
lacked cellular extensions, were reduced in size, had irregular cell borders, and
formed vacuoles, which are morphological indicators of toxicity.

The internalization of NDs was further examined with transmission electron
microscopy (TEM). As can be seen in Fig. 8.6, NDs were found both outside
(Fig. 8.6A, white arrow) and inside the cells (Fig. 8.6A-D, black arrows) after incu-
bation with 25 pwg/ml of ND-COOH for 24 h. Higher magnification images of the
selected areas in Fig. 8.6B are shown in Fig. 8.6C and D. Although these represen-
tative images do not specify the exact location of the ND nanoparticles, they appear
to localize in the cytoplasm in aggregates approximately 500 nm in size and may

Fig. 8.6 TEM images of thin sections of neuroblastoma cells after incubation with 25 wg/ml ND-
COOH for 24 h, showing ND internalization into the cytoplasm (black arrows) or NDs outside
the cell (white arrow in A). (C) and (D) are higher magnification images of selected areas of (B)
(adapted from Schrand et al. 2007c)
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be internalized by envelopment of the plasma membrane, as indicated by the black
arrow in Fig. 8.6A.

Changes in the viability of neuroblastoma cells after exposure to NDs were
assessed with the MTT colorimetric assay (Fig. 8.7A). The reduction of MTT dye
occurs only in functional mitochondria, therefore, a decrease in MTT dye reduc-
tion is an indication of damage to mitochondria. The positive control CdO exhibited
strong toxicity with sharp decreases in cell viability compared to the negative con-
trol, CB (Fig. 8.7A). However, cells incubated with various concentrations of func-
tionalized or unfunctionalized NDs had some slightly higher viability values, but no
significant difference in viability compared to the negative control at concentrations
up to 100 pg/ml (Fig. 8.7A). To further confirm the low cytotoxicity of NDs, three
other cells types (macrophages, keratinocytes, and PC-12 cells) were investigated
and found to display similar trends of low cytotoxicity at the same concentrations.
Experiments over longer periods of time indicate that cells retain high viability for
several days while incubated with NDs.
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In order to investigate possible nanoparticle-induced oxidative stress, we
assessed the generation of ROS (Nel et al. 2006). As mentioned earlier, the inten-
sity of fluorescence of dichlorofluorescein (DCF), an oxidized form of 2°,7’-
dichlorofluorescein (DCFH), can be used as a measure of the cumulative produc-
tion of ROS over a period of nanoparticle exposure. As seen in Fig. 8.7B, NDs did
not initiate an oxidative stress response shown by the lack of ROS generation com-
pared to fine carbon black nanoparticles. ROS values for cells incubated with some
of the ND derivatives were even lower than the control (CB) with the exception of
ND-SO3Na, which was slightly greater than the control (Fig. 8.7B). The relatively
low level of ROS generation produced in cells incubated with NDs is consistent
with the MTT analyses described above. Therefore, these results further support the
biocompatibility of NDs and suggest that ND does not induce ROS generation in
this in vitro-cell model system.

Although NDs show low toxicity and no indication of oxidative stress after 24 h
incubation, they may directly interact with cellular proteins of the cytoskeleton or
cause changes in cell proliferation. Therefore, we examined the architecture of the
actin cytoskeleton with fluorescent microscopy (Fig. 8.8). After neuroblastoma cells
were incubated with 100 wg/ml of acid or base purified NDs for 24 h, distinct
branching and extension of multiple neurites were found (Fig. 8.8B—-E) compared
to the control (Fig. 8.8A). It is currently unknown if the NDs directly bind with
the actin cytoskeleton causing these alterations or if the NDs affect certain signal
transduction pathways.

The above observation prompted us to further examine changes in cell growth on
ND substrates. To study the behavior of neuroblastoma cells on ND substrates, cells
were grown on both control (collagen or poly-L-lysine) substrates and ND-coated

20um

Fig. 8.8 Fluorescent microscopy of (A—C) mitochondrial membrane permeability assessed with
Rhodamine 123 and (D, E) actin cytoskeleton (red) and nuclei (blue) after 24 h of incubation.
(A) Control with no treatment, (B) 100 wg/ml ND-raw, (C) 2.5 pg/ml CdO, (D) Control with no
treatment, (E) 100 wg/ml ND-raw (Schrand et al. 2007c)
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ND-COONa/Poly-Klysine

Fig. 89 SEM images showing the neuroblastoma cell growth on collagen or poly-L-lysine
substrates coated with and without ND-COOH over 24 h (middle row) and 168 h (bottom row)
(adapted from Schrand et al. 2007c)

substrates for 96 h (Fig. 8.9). Cells grown on both the control and ND-coated sub-
strates showed attachment and neurite extension with similar morphologies visual-
ized with scanning electron microscopy, SEM (Fig. 8.9). Cell viability and growth
were examined after 168 h, showing continued trypan blue dye exclusion and visual
increases in proliferation. Both suggest that these substrates would support long-
term cell attachment and growth.

8.4 Differential Biocompatibility of Carbon Nanotubesand
Nanodiamonds

As described above and reported elsewhere (Monteiro-Riviere and Inman 2006;
Soto et al. 2005; Fiorito et al. 2006), many studies focused on the cytotoxicity and
biocompatibility of carbon nanomaterials with lung or skin cells due to the risk
of exposure in occupational or commercial settings. However, it is unclear whether
these nanomaterials can reach the nerves associated with these organs either through
internalization via the contact with skin and olfactory nerves or translocation across
the blood-brain barrier. In this regard, we have also examined both neuronal (neu-
roblastoma) and lung (alveolar macrophage) cell lines for cytotoxicity in aqueous
suspensions of carbon nanomaterials (e.g., ND, SWNT, MWNT, CB). In particular,
we studied the morphological and subcellular effects of these nanomaterials on
mitochondrial membrane potential and ROS generation at concentrations ranging
from 25 to 100 pg/ml for 24 h incubation.
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As can be seen in Fig. 8.10A, some of the neuroblastoma cells developed into
their characteristic elongated extensions while others remained round upon attach-
ment and growth of neuroblastoma in culture. After incubation with 100 wg/ml of
different carbon nanomaterials (i.e. MWNTS, CBs, NDs) for 24 h, the morphologies
of the cells were not noticeably different from the control cells (Fig. 8.10A). How-
ever, the nanomaterials strongly and preferentially adhere to the cell membranes in
an agglomerated form even after washing the cells, as denoted by white arrows in
Fig. 8.10B-D. In contrast, large agglomerates inside the cells were observed after
incubating alveolar macrophages for 24 h with a lower concentration (25 wg/ml) of
MWNTSs or higher concentrations (100 w.g/ml) of fine CBs or NDs (Fig. 8.10F-H).
As denoted by black arrows, carbon nanomaterials were clearly excluded from the
nucleus in macrophages while the cytoplasm was clearly filled (Fig. 8.10F-H).
Because it was not obvious with light microscopy if the neuroblastoma cells had
internalized the carbon nanomaterials or if they merely were attached to the cell
membrane, thin sections of the cells were made and examined with TEM (Fig. 8.11),
which revealed the presence of MWNTS both individually in the cytoplasm and in
intracellular vacuoles.

Apart from the above morphological observation, our cytotoxicity analyses
of carbon nanomaterials in both macrophages and neuroblastoma cells have
revealed cell-specific and nanomaterial-specific differential toxicity. The great-
est biocompatibility was found for NDs with both cell types followed the trend:
ND > CB > MWNT > SWNT. For neuroblastoma cells, the interaction with
SWNTs and MWNTSs significantly decreased viability at concentrations from 50 to
100 wg/ml whereas CB did not decrease viability until a concentration of 100 pg/ml
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Fig. 8.10 Light microscopic examination of interactions between neuroblastoma cells or
macrophages with carbon nanomaterials after 24 h incubation. (A-D) Neuroblastoma cells and
(E-H) Macrophages. (A) Control neuroblastoma cells or cells incubated with 100 wg/ml concen-
trations of (B) MWNT, (C) CB, and (D) NDs. (E) Control macrophages or cells incubated with
(F) 25 pg/ml MWNT, (G) 100 wg/ml CB, and (H) 100 wg/ml NDs. White arrows denote nanoma-
terials agglomerates and black arrows show the nucleus free from nanomaterials
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Fig. 811 TEM images of thin sections of neuroblastoma cells, showing MWNTSs denoted by
arrows within the cytoplasm and intracellular vacuoles. Boxed areas in (A) and (C) are enlarged in
(B) and (D)

(Fig. 8.12A). In contrast, CdO severely reduced viability at the lowest concentration
of 25 pg/ml. The viability in macrophages was significantly reduced from the con-
trol after incubation with carbon-based nanoparticles at concentrations from 25 to
100 wg/ml with the exception of ND-raw, which was not significantly different from
the control at a concentration of 25 wg/ml (Fig. 8.12B).

Jia et al. (2005) compared the relative cytotoxicity of SWNTs, MWNTSs, and
fullerenes in macrophages. In consistent with our viability results, these authors
found that SWNTSs significantly impaired phagocytosis of macrophages at doses as
low as 0.38 pg/ml, whereas MWNTSs and Cgo induced injury only at a high dose
of 3.06 wg/ml, leading to biocompatibility in the order: Cgp > MWNTs > SWNTSs.
In a separate, but somewhat related study, Magrez et al. (2006) found that lung
tumor cells exposed to 0.02 p.g/ml of CBs, CNFs, and MWNTS, respectively, for
2 days displayed increased toxicity in the order of CB > CNFs > MWNTSs with
MWNTs being the least toxic. These authors suggested that MWNTS, having the
highest aspect ratio among the three carbon nanomaterials they studied, might have
less dangling bonds than carbon fibers or carbon black, as the dangling bonds pref-
erentially occur at lattice defects or endcaps.
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To further examine interactions between the cells and carbon nanomaterials,
changes in MMP were examined with fluorescent microscopy (Fig. 8.13). The
Mit -E-¥'™ fluorescent reagent when aggregated inside healthy mitochondria flu-
oresces red, whereas dispersion of the dye due to mitochondrial membrane leakage
causes it to fluoresce green in the cytoplasm. As shown in Fig. 8.13A, B, E and F,
aggregation and retention of the mitochondrial dye inside healthy cells was seen in
control cells and cells incubated with 100 wg/ml ND-raw for 24 h. The dark color
of the other carbon nanomaterials tended to block the fluorescent signal in certain
areas compared to cells incubated with NDs, but the dispersion of the dye to the
green monomeric form in the cytoplasm was apparent for CB (and MWNT, data
not shown) in addition to the positive control 2.5 wg/ml CdO (Fig. 8.13C, D, G, H).
This, along with the MTT viability assay, suggests that mitochondrial or apoptotic
pathways may be influenced to a much greater extent by the presence of carbon
nanotubes or CB compared to NDs.

Nanomaterials that generate ROS induce oxidative stress and have been linked
to a general toxic response (Nel et al. 2006). We found that carbon nanotubes gen-
erated the greatest amount of ROS followed by CB, then ND in both neuroblastoma
cells and macrophages (Fig. 8.14). Explanations for the decreased cell viability,
increased mitochondrial membrane potential, and increased ROS after exposure to
carbon nanotubes compared to CB or NDs may be attributed to the residual transi-
tion metal catalysts that were used in the synthesis of carbon nanotubes (e.g., Fe,
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Fig. 8.13 Fluorescent microscopy of cells incubated with or without carbon nanomaterials and the
positive control CdO for 24 h with the Mit-E-¥™ stain for mitochondrial membrane permeability
detection. (A-D) Neuroblastoma cells and (E-H) Macrophages. (A) Control, (B) 100 pg/ml ND,
(C) 100 pg/ml CB, (D) 2.5 wg/ml CdO, (E) Control, (F) 100 pg/ml ND, (G) 100 pg/ml CB,
(H) 2.5 pg/ml CdO. Note that the control cells and cells incubated with nanodiamonds showed
intact mitochondrial membranes whereas cells incubated with CB or CdO have, most likely, been
damaged after the nanoparticle exposure, indicating the mitochondrial membrane leakage and the
initiation of apoptosis. Scale bars are 20 pm

Ni, Co). In our studies, the estimated amount of Fe that could be extracted with
nitric acid was 0.49 wt% Fe for MWNT vs. 0.26 wt% Fe for SWNT compared
to levels below the detection limit for CB and NDs. The detected residual catalyst
levels correspond well to the highest ROS levels in MWNTS followed by SWNTSs,
CB, and NDs. The main impurity in the CB was sulfur (0.43 wt%), but it is sus-
pected that this element has a weaker link to toxicity. In support of the effect of
Fe on cell viability, Garibaldi et al. (2006) found that cardiac muscle cells incu-
bated for up to 3 days with 200 wg/ml of highly purified SWNTSs were only slightly
modified in shape due to SWNT binding to the cell membranes with cell viabil-
ity remaining >90%. In contrast, the incubation with SWNTS retaining 26 wt% Fe
(from the catalyst used for the nanotube growth) at 0.12 mg/ml SWNTs for 2 h
was found to cause significant loss of glutathione (GSH) and accumulation of lipid
peroxidases in macrophages, dosed with (Kagan et al. 2006), compared to iron-
“free” (0.23 wt%) SWNTs under the same condition. Pulskamp et al. (2007) stud-
ied the toxic response of rat macrophages and human A549 lung cells to MWNTS,
SWNTSs, and acid-treated SWNTSs (in addition to carbon black). In this particular
case, the cells were incubated with the nanomaterials at concentrations of 5, 10, 50,
and 100 p.g/ml for durations of 24, 48, and 72 h. These authors found that incuba-
tion with 100 pg/ml of MWNTS for 24 h led to retention of only 20-40% viable
macrophages according to the MTT assay. Additionally, all of the carbon nanotubes
increased ROS production compared to the control except for the purified SWNTS,
suggesting that the catalyst residues may be directly involved in the oxidative
response.
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Fig. 8.14 Generation of reactive oxygen species (ROS) determined by the hydrolysis of DCFH-
DA after 24 h of incubation with various carbon nanomaterials in (A) neuroblastoma cells and (B)
macrophages. Note that macrophages produce approximately five times the ROS when exposed
to the same nanomaterials at the same concentrations as neuroblastoma cells. All values were
significantly different from the control (CB) with the exception of the NDs (A, B) and 100 pg/ml
concentrations in (A). (Adopted from Schrand et al. 2007a)

To summarize our discussion on the cytotoxicity of carbon nanomaterials, a table
with cytotoxicity data for carbon nanotubes and NDs is given in Table 8.1. This is
not meant to be an exhaustive list for all of the published literature on the subject,
but merely as an aid to direct the reader to the pertinent details of the articles that
have been discussed.

8.5 Genotoxicity of Carbon Nanomaterials

We have thus far focused primarily on the studies of carbon nanomaterial toxicity at
the cellular level. In what follows, we will discuss some of our recent results con-
cerning possible CNT-induced DNA damage and mutagenic effects at the molec-
ular level. This sort of information is still largely lacking in the literature, though
the health effects of CNTs have attracted considerable attention. As seen above, we



Table 8.1 Selected recent studies on the cytotoxicity of carbon nanomaterial

8.1

Keratinocyte, PC-12

NP type(s)/size Properties Cell line/animal Concentration Exposure time Result (T/NT) Reference

MWNT Oxidized vs. Pristine T lymphocyte 400 pg/ml 5 days Toxic Bottini et al.,
(>95% purity) 2006

MWNT CVD synthesis, HCI Human umbilical vein 0.5-0.9 pg/ml 120 h Non-toxic Flahaut et al.,
purified endothelial cells 2006

MWNT, SWNT  SWNT purity 90%, 95%  Alveolar macrophage 0.38-226 wg/cm?  6h Toxic Jiaetal., 2005
MWNT (0.6% Ni)

SWNT Iron rich 26 wt% vs. RAW 264.7 macrophages 120 -500 wg/ml upto2.5h Iron Rich - Kagan et al.,

Iron-“free” 0.23 wt% Toxic 2006

MWNT HCI for purification, Lung tumor cells (H596, 0.002-0.2 pg/ml 4 days Toxic Magrez et al.,
H,S0O, for surface H446, Calu-1) 2006
chemical groups
C=0, COOH, OH

SWNT, Carbon Murine macrophage 0.005-10 pg/ml 48-54 h Toxic Murr et al., 2005

MWNT-1, Nanotechnologies,
MWNT-2 Inc. 5-10%Fe
(SWNT)
MWNT, SWNT,  0.6-2.8 wt%Co Rat macrophages 5-100 pg/ml 24 h Toxic Pulskamp et al.,
SWNT-acid (MWNT), (NR-8383) and human 2007
treated 1.3 wt%Co/1.2 wt% lung A549 cells
Ni (SWNT),
0.6 wt%Co (purified
SWNT)

SWNT phenyl-SOzH, Human dermal fibroblasts 3-30,000 wg/ml 48 h Non-toxic Sayes et al., 2005
phenyl-SO3Na, >
phenyl-(COOH), =

ND 100 nm, fluorescent Human kidney cells (293T)  up to 400 pg/ml 3 h Non-toxic Yu et al., 2005 §

ND 2-10 nm, acid or base Neuroblastoma, PC-12, 5-100 pg/ml 24 h Non-toxic Schrand et al., 2
purified Macrophage, 2007 §

ot
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have previously demonstrated that MWNTSs generated ROS (e.g., superoxide anions,
hydroxyl radicals, hydrogen peroxide) after having entered into certain mammalian
cells (Schrand et al. 2007a). Free radicals can chemically alter DNA bases and cause
DNA damage within the cell. We have chosen mouse embryonic stem (ES) cells as
a sensitive assay to assess MWNT-mediated DNA damage, as ES cells have previ-
ously been shown to be susceptible to DNA damaging agents (Hong and Stambrook
2004; Lin et al. 2005). In response to DNA damage, eukaryotic cells, including ES
cells, have developed several mechanisms to protect genomic integrity. In the pres-
ence of damaged DNA, for instance, the p53 protein is activated by protein phos-
phorylation as a master guardian that activates cell cycle checkpoints and triggers
cell cycle arrest to provide time for the DNA damage to be repaired (Finlay et al.
1989; Bartek and Lukas 2001). Enhanced expression of p53 could also trigger cell
death by apoptosis if the DNA damage is beyond repair (Sherr 2004), while under
normal conditions (absence of DNA damage) p53 is expressed at low levels. The
close relationship between p53 activation and DNA damage makes p53 the molec-
ular marker of choice for assessing the genotoxicity of MWNTSs to mouse ES cells.
ES cells are a unique cell population with the ability to undergo both self-renewal
and differentiation with the potential to give rise to all cell lineages and an entire
organism (Abbondanzo et al. 1993; Odorico et al. 2001; Watt and Hogan 2000). It
has been shown that ES cells are highly sensitive to DNA damaging agents (Hong
and Stambrook 2004; Lin et al. 2005), and that mutant stem cells can act as the seed
for cancer development. In fact, cancer is being increasingly viewed as a stem-cell
disorder (Marx 2003; Reya et al. 2001). The sensitivity of ES cells to DNA damage
and the importance of DNA mutations in ES cells to cancer development prompted
us to study the genotoxicity of MWNTSs in mouse ES cells using p53 as a molecule
marker.

Figure 8.15a shows cellular uptake and response in ES cells after administering
MWNTs and incubation for periods of 4 and 24 h. As can be seen, the ES cells began
uptake of MWNTSs after 4-h exposure and continued to accumulate throughout the
time course of this study. The AP staining results showed that MWNTS reduced the
red color of the AP-stained ES cells, suggesting that MWNTSs reduced the stem cell
marker expression. Furthermore, as shown in Fig. 8.15b, Annexin V-FITC staining
result of the ES cells treated with 100 pg/ml of MWNTS for 24 h (right image) with
respect to the untreated cells (left image) indicated that MWNTS induced ES cells
undergo apoptosis through one of the molecular mechanisms to maintain the ES cell
genomic integrity in response to DNA damage (Lin et al. 2005).

To investigate the possible molecular mechanisms causing DNA damage by
MWNTSs, we analyzed p53 expression levels by Western blot following the MWNT
treatment. The results clearly showed that p53 protein expression level increased
within 2 h after the cells were exposed to MWNTs (Fig. 8.16). Furthermore, the
amount of p53 expression seemed to correlate with the amount of carbon nanotubes
used in the treatment (Lanes 2 and 3). The results also indicated that p53 induction
could be altered by nanoparticle surface modification. The cells that were treated
with sodium hydroxide modified ND (Lane 5) had less p53 accumulation compared
with the cells treated with raw NDs (Lane 4). In contrast, NDs modified with some
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Control 4 hour 24 hours

Control

Fig. 8.15 (a) Mouse ES cells were treated with 100 wg/mL of MWNTS for 4 and 24 h. ES cells
(control and exposed) were washed with 1x PBS and fixed with 4% paraformaldehyde. AP stain
results showed that some ES cells began to lose AP turning to white color compared with the
untreated cells that indicated the MWNT induced the stem cell marker expression. The images
were captured by inverted microscope (Olympus CK2) at 10x (bottom row) and 20x (top row)
magnification via QCapture Pro Imaging Software. (b) Annexin V-FITC staining result of ES cells
untreated and treated with 100 wg/ml of MWNTS for 24 h. ES cells were washed with binding
buffer and stain with the Annexin V-FITC. Images were acquired with a Fluoview laser scanning
confocal microscope mated to a Zeiss Axioplan upright microscope using 10x magnification

of the acids, containing —-COOH and SO3H,4 groups, enhanced the p53 expression
(Lanes 6 and 7). As can be seen in Fig. 8.16, two bands were observed using the p53
monaoclonal antibody (Chemicon). Using the phospho-specific antibody to p53-Ser-
23 to examine p53 phosphorylation, we confirmed that MWNTSs indeed induced p53
phosphorylation by the checkpoint protein kinase 2 (Chk2). The above observations
suggest that MWNTSs could cause DNA damage, as evidenced by the induction and
accumulation of the p53 tumor suppressor protein. Based on these observations, we
propose that p53 can be used as an early molecule marker to assess biocompatibility
and toxicity of various nanomaterials (Lin et al. 2007).

To further investigate the specific DNA damage modes induced by MWNTS, we
examined the expression of the key base excision repair (BER) pathway enzyme
8-oxoguanine-DNA glycosylase 1 (OGG1) by Western blot analysis following the
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Fig. 8.16 The ES cells were lysed with RIPA buffer, and the cells lysates were analyzed by
Western blot with a p53 monoclonal antibody. Lane 1: untreated ES cells; Lane 2, 5 mg/ml
carbon natotubes; Lane 3, 100 mg/ml carbon natotubes; Lane 4, 100 mg/ml raw nanodiamond;
Lane 5, 100 mg/ml sodium hydroxide ONa modified nanodiamond; Lane 6, 100 mg/ml COOH-
nanodiamonds; Lane 7, 100 mg/ml SO3Na-nanodiamonds. 3-actin was used as a control

MWNT treatment. OGGL1 is the major enzyme repairing 8-oxoguanine (8-0xoG),
a mutagenic guanine base lesion produced by ROS (Hill and Evans 2006), through
the removal of the oxidized bases via BER pathway (Bhakat et al. 2006). There are
two isoforms of OGGL1 encoded by alternatively spliced OGG1 mRNA: a 36 kDa
polypeptide in the nuclear extract and a 40 kDa polypeptide in the mitochondria
(Nishioka et al. 1999). As shown in Fig. 8.17, the MWNT treatment elevated
the expression of both isoforms of OGG1, which suggests the occurrence of both
nuclear and mitochondrial DNA damage through a mutagenic guanine base lesion.

The MWNT-induced DNA base modification described above may also cause
subsequent breakdown of the DNA double strand (Ito et al. 2007). To examine
this possibility, we assayed two key double strand break repair proteins: Rad51 and
XRCC4 (X-ray cross-complementation group 4) involving in homologous recombi-
nation repair and non-homologous end join repair, respectively (Hoeijmakers 2001).
As shown in Fig. 8.18, both proteins were up-regulated in response to the MWNT
treatment.

Furthermore, Western blots revealed that the MWNT treatment increased
XRCC4 expression and produced two additional higher molecular weight bands
reacting with the XRCC4 antibody (Fig. 8.18b). It has been shown that in response
to X-ray treatment, XRCC4 is altered by a small ubiquitin-like modifier (SUMO),
which regulates its localization and function in DNA double-strand break repair
(Yurchenko et al. 2006). To investigate the induction of XRCC4 Sumolation in the
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Fig. 8.17 The ES cells were lysed with RIPA buffer, and cell extracts subjected to Western blots
with OGG1 polyclonal antibody. Lane 1, untreated; Lanes 2 and 3, subjected to 5 and 100 wg/mL
MWNT treatment, respectively. B-actin was used as an equal loading control (adapted from Lin
et al. 2007)
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Fig. 8.18 (a) Cell lysates from samples treated in the same way as for Fig. 8.17 were analyzed
with a Rad 51 polyclonal antibody. B-actin acted as the loading control. (b) Cell lysates from
samples treated in the same way as for Fig. 8.17 were analyzed with a XRCC4 polyclonal antibody.
B-actin was used as the loading control. (c) MWNT-treated cell lysates were immunoprecipitated
with the XRCC4 polyclonal antibody, subjected to Western blotting, and probed with a SUMO-1
antibody. Lanes 1-3, untreated samples; Lanes 46, after 4 h of the MWNT treatment; Lanes 1
and 4, the whole cell extract; and Lanes 2 and 5, protein A/G PLUS-Agarose added to the cell
lysate without XRCC4 antibody; and Lanes 3 and 6, protein A/G PLUS-Agarose added to the cell
lysate with XRCC4 antibody. (d) Immunofluorescent staining with phosphor-specific antibody
to Histone H2A-ser-139 and co-staining with Draf 5 showed that MWNTSs can induce the foci
formation, which indicated MWNTS caused the ES cells DNA double strand breakages. Images
were acquired with a Fluoview laser scanning confocal microscope mated to a Zeiss Axioplan
upright microscope using 60x oil magnification (adapted from Lin et al. 2007)

MWNT-treated mouse ES cells, we immunoprecipitated XRCC4 with the XRCC4
antibody and probed it with a SUMO-1 antibody. Figure 8.18c shows that the 95 kDa
and another higher-order adduct are indeed from the SUMO-modified XRCC4,
while the major band at 65 kDa corresponds to the unmodified protein as reported
by Yurchenko group (Yurchenko et al. 2006). As expected, low sumoylation levels
of XRCC4 were detected in the untreated cells due to the spontaneous DNA double
strand breakage that occurs during the DNA replication or under tissue culture con-
ditions. The increased level of SUMO-modified XRCC4 implicated that MWNTSs
indeed induced the ES cell DNA double strand breakage. This suggestion was fur-
ther verified by the immunofluorescent staining with phosphor-specific antibody to
Histone H2A-Ser 139 antibody (Fig. 8.18d), as Histone H2A Ser 139 phosphory-
lation in responses to the DNA double-strand breakage has been well characterized
(Rogakou et al. 2000).

Since chemical modification of DNA bases and the breakage of DNA dou-
ble strands can introduce a broad spectrum of mutations, including mitotic
recombination, point mutation, and chromosome loss and translocation, we
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envisioned that the MWNT treatment might also increase the mutation frequency
in ES cells. In this context, we used the endogenous molecular marker Adenine
Phosphoribosyltransferase (Aprt) (Engle et al. 1996; Cervantes et al. 2002; Hong
et al. 2006) as a reporter to examine the mutation frequency in ES cells following
the MWNT treatment. The Aprt+/— heterozygous 3C4 ES cells were treated with
MWNTs for 4 h. The Aprt-deficient cells can be selected in the presence of adenine
analogs, such as 2-fluoroadenine (FA), whose metabolic products are cytotoxic to
Aprt-proficient cells. The resistance to the adenine analog is an indication of the loss
of the function of Aprt, as Aprt is known as a purine “salvage enzyme” that converts
free adenine into an utilizable nucleotide (Engle et al. 1996; Cervantes et al. 2002;
Hong et al. 2006). Our results indicated that the MWNT treatment increased the
mutation frequency by two-fold with respect to the untreated 3C4 ES cells.

8.6 Concluding Remarks

As can be seen from above discussion, carbon nanomaterials exhibited material-
specific and cell-specific cytotoxicity. Among the carbon nanomaterials and cell
lines discussed in this article, a general trend for biocompatibility was observed
in the order: NDs > carbon black powders > multiwalled carbon nanotubes >
single-walled carbon nanotubes, with macrophages being much more sensitive to
the cytotoxicity of these carbon nanomaterials than neuroblastoma cells. However,
the cytotoxicity to carbon nanomaterials could be tuned by functionalizing the nano-
materials with different surface groups. We have also seen that multiwalled car-
bon nanotubes and NDs can accumulate in mouse ES cells to cause DNA damage
through ROS generation and to increase the mutation frequency in mouse ES cells.
Therefore, there is a great need for careful scrutiny of the toxicity of nanomateri-
als at the molecular level, or genotoxicity, even for those materials like MWNTSs
and NDs that have been demonstrated to cause limited or no toxicity at the cellular
level.
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Chapter 9

Calcium Phosphate Nanoparticles. Toxicology
and Lymph Node Targeting for Cancer

M etastasis Prevention

Rajesh A. Pareta

Abstract Applications of nanoparticles in biology are rapidly developing areas
in nanomedicine. In cancer therapy, nanoparticles are being used for the detection,
diagnosis, and imaging of tumors. Calcium phosphate has long been used as a bone
substitute biomaterial and is FDA approved. It is biocompatible, easy to synthe-
size and relatively cheap. Due to these favorable conditions, it has been investi-
gated for numerous drug delivery of anti-tumor drug applications. Tumor metas-
tases are a major health issue before and after surgical removal of a tumor. Presently,
chemotherapy is being used to tackle metastases, but an anti-tumor drug does not
differentiate between healthy tissue and tumors. It simply Kills all cells it interacts
with, and hence there is a need to develop an effective targeted drug delivery sys-
tem which only releases the drug in tumor cell conditions. Anti-tumor drugs can be
easily adsorbed onto the surface of calcium phosphates through electrostatic inter-
actions. Calcium phosphate nanoparticles dissolve in the acidic micro-environment
of the tumor, thus, releasing the drug which eventually kills the tumor cells. Most
importantly, the calcium phosphate nanoparticles can be targeted to the sentinel
lymph node where they can probe tumor metastases. This chapter will cover the
history and future promises of using calcium phosphate nanoparticles to treat can-
cer, including its safety and toxicity in such applications.
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9.1 Introduction

Within medical practice, there have been efforts to achieve selective delivery of
drugs specific to areas in the body in order to maximize drug action and minimize
side effects. Drugs used in cancer chemotherapy represent a clear example for such
cases; cytotoxic compounds not only kill target tumor cells but also normal cells in
the body.

The lymphatics serve as a primary route for dissemination of many solid tumors,
particularly those of epithelial origin including breast, colon, lung, and prostate.
The lymphatics show many advantages over the blood circulation as a transport
route for a metastasizing tumor cell or embolism, just as it does for white blood
cells. The smallest lymphatic vessels are still much larger than blood capillaries,
and flow velocities are orders of magnitude slower. Lymph fluid is nearly identical
to interstitial fluid and promotes cell viability. Furthermore, lymph nodes provide
ideal cell incubators with long residence time, areas of flow stagnation, and access
to the blood stream. Because of its important role in the dissemination of some of
the deadliest cancers, the lymphatic route shows great potential for targeted drug
delivery to lymph node metastases (Swartz 2001).
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9.2 Lymphatic System

The lymphatic system is composed of lymph, lymphatic vessels, and lymph nodes.
Its essential functions are to ensure homeostasis by draining interstitial tissue to
provide maintenance of interstitial pressure and plasma volume, and to reabsorb
macromolecules into the circulation (Swartz and Skobe 2001). The lymphatic sys-
tem also plays an essential role in immune surveillance, as lymph nodes act as filters
for pathogens, and lymphatic vessels ensure the transport of immune cells to their
site of action. Apart from its role in the elimination of certain antigens, the lym-
phatic system is also involved in the elimination of cellular debris and metabolic
waste. Finally, the lymphatic system ensures transport of lipids to the liver in the
form of chylomicrons following their absorption in the small intestine.

Lymph circulation inside lymphatic vessels is unidirectional from the tissues
towards the lymph nodes, usually in parallel with blood vessels. Although lymphatic
vessels generally have a larger diameter than contiguous blood vessels, the pressure
inside lymphatic vessels is lower, and lymph circulation is slower. Truncated con-
ical valves constitute an anti-reflux system, and the circulation of lymph in small
caliber vessels is mainly ensured by peripheral muscle contractions. The lymphatic
drainage of the body terminates in two collecting ducts, the left thoracic duct on the
left and the right lymphatic duct on the right, which then enter the venous system
at the jugulo-subclavian junction (Jussila and Alitalo 2002). Lymphatic capillaries
are vessels with a diameter between 20 and 30 wm —i.e., larger than blood capillar-
ies. Using an electron microscope, lymphatic capillaries can be distinguished from
blood capillaries by the