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Preface

The broad field of nanotechnology has undergone explosive growth and develop-

ment over the past five years. In fact, no field in the history of science has experi-

enced more interest or larger government investment. Indeed, by the end of

2006, the worldwide government and private sector investment in nanotechnol-

ogy is projected to be approximately $9 billion. The enthusiasm researchers have

for this field is fueled by: 1) the desire to determine the unusual chemical and

physical properties of nanostructures, which are often quite different from the

bulk materials from which they derive, and 2) the potential to use such properties

in the development of novel and useful devices and materials that can impact

and, perhaps even transform, many aspects of modern life.

The subfield known as Nanobiotechnology holds some of the greatest promise.

This highly interdisciplinary field, which draws upon contributions from chemis-

try, physics, biology, materials science, medicine and many forms of engineering,

focuses on several important areas of research. Some of these include: 1) the de-

velopment of methods for building nanostructures and nanostructured materials

out of biological or biologically inspired components such as oligonucleotides,

proteins, viruses, and cells; these structures are intended for both biological and

abiological uses, 2) the utilization of synthetic nanomaterials to regulate and

monitor important biological processes, and 3) the development of synthetic

and soft matter compatible surface analytical tools for building nanostructures

important in both biology and medicine. Advances in this field offer novel and

potentially useful approaches to building functional structures including com-

putational tools, energy generation, conversion and storage materials, powerful

optical devices, and new detection and therapeutic modalities. Indeed, advances

in Nanobiotechnology have the potential to revolutionize the way the medical

community approaches modern disease management.

Although the field is still embryonic, major strides have been made. Powerful

new forms of signal amplification have been realized for both DNA and protein

based detection systems. Indeed, the first commercial molecular diagnostic sys-

tems that rely upon nanoparticle probes are expected to be available in 2007. Bio-

logical labels based upon nanocrystals are commercially available and used rou-

tinely for research purposes in laboratories worldwide. Many new nanomaterials

have boosted the efficacy and viability of several powerful pharmaceutical agents.
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Nanofabrication tools that allow one to routinely build oligonucleotide, protein,

and other biorelevant nanostructures on surfaces with extraordinary precision

have evolved to the point of commercialization and widespread use. These exam-

ples represent only a small part of this expansive field but are realized potential

and serve as motivators for future developments within it.

In 2004, we edited the book Nanobiotechnology: Concepts, Applications and Per-
spectives which was intended to provide a systematic and comprehensive frame-

work of specific research topics in Nanobiotechnology. Due to the great success

of this first volume, Nanobiotechnology II – More Concepts and Applications now
follows the notion of its precursor by combining contributions from bioorganic

and bioinorganic chemistry, molecular and cell biology, materials science and bio-

analytics to cover the entire scope of current and future developments in Nano-

biotechnology. The collection of articles in this volume again emphasizes the

high degree of interdisciplinarity necessarily implemented in the joint-venture of

biotechnology and nano-sciences. During the selection of potential chapters for

this volume we took into account, on the one hand, the progress by which partic-

ular areas had developed in the past three years. Because this occurred primarily

in two areas, namely the development of nanoparticle science and applications

as well as in the refinement of scanning probe microscopy related methods, the

majority of the chapters are concerned with these issues. On the other hand, ad-

ditional topics not yet covered in the first volume were identified, thus leading to

contributions from the area of small molecule- and peptide-based self-assembly

(chapters 1 and 2), the use of nanomaterials for medicinal applications (section

3), and the utilization of biomolecular machinery to create hybrid devices with

mechanical functionalities (section 4).

The current volume is divided into four main sections. Section I (Chapters 1–6)

concerns novel principles in self-assembly and nanoparticle-based systems. In

Chapter 1, Mary S. Gin, Emily G. Schmidt, and Pinaki Talukdar provide an over-

view of artificial transmembrane channels, attainable by organic synthesis and

the assembly of small molecule building blocks. This synthetic approach to ion

channels, initially aimed at elucidating the minimal structural requirements for

ion flow across a membrane, nowadays is focusing on the development of syn-

thetic channels that are gated, thus providing a means to control whether the

channels are open or closed. Such artificial signal transduction could lead to

novel sensing and therapeutic applications. The self-assembly of small molecules

also represents the underlying theme of Chapter 2, written by Maxim G. Ryadnov

and Derek N. Woolfson. They summarize current efforts to build nanoscopic and

mesoscopic supramolecular structures from short oligopeptides comprising the a-

helical coiled-coil folding motif. Examples of nanostructures and materials made

from such coiled-coil building blocks include programmable nanoscale linkers,

molecular switches, and fibrous and gel-forming materials which may be useful

for the production of peptide-polymer hybrids combining the advantages of both

natural and synthetic polymers. These structures also could lead to the design of

peptide-based switches that may render hybrid networks more controllable and

increase sensitivity and responses to local environments.
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The notion of the first two chapters is connected with the area of nanoparticle

research in chapter 3, where Erik Dujardin and Stephen Mann illustrate how un-

raveling the specific interactions between bio-derived templates and inorganic

materials not only yields a better understanding of natural hybrid materials but

also inspires new methods for developing the potential of biological molecules,

superstructures and organisms as self-assembling agents for materials fabrica-

tion. In particular, the chapter describes the use of various types of bio-related

molecules, ranging from biopolymers, peptides, oligonucleotides to the complex

biological architecture of proteins, viruses and even living organisms, for the syn-

thesis and assembly of organized nanoparticle-based structures and materials.

Two additional chapters deal with the conversed approach, that is, the modifica-

tion of nanoparticles with biomolecules to add functionality to the inorganic com-

ponents. In Chapter 4, Rochelle R. Arvizo, Mrinmoy De, and Vincent M. Rotello

describe recent developments involving protein functionalized nanoparticles.

These conjugates, which are produced either by covalent or non-covalent coupling

strategies, hold potential for the creation of novel materials and devices in the

biosensing and catalysis fields. The combination of proteins and nanoparticles

also opens up novel approaches to the synthesis of nanoparticles, as summarized

in Chapter 6, written by Ronan Baron, Bilha Willner, and Itamar Willner. They

describe the application of biocatalysts, enzymes, such as oxidases and hydro-

lases, as active components for the synthesis and enlargement of nanoparticles

and for biocatalytic growth of nanoparticles, mediated by specific enzyme reac-

tions. This concept has strong implications in biosensor design, and the nano-

particle-enzyme hybrid systems also can be used as biocatalytic inks for the gen-

eration of metallic nanowires, and thus, bioelectronic devices.

The self-assembly behavior of another class of biomolecular recognition ele-

ments is described in Chapter 5. There, Thomas H. LaBean, Kurt V. Gothelf,

and John H. Reif summarize the current state-of-the-art of self-assembling DNA

nanostructures for patterned assembly of (macro)molecules and nanoparticles.

This field of research, which was initially covered in the previous volume of

Nanobiotechnology, has evolved significantly within the past three years. A large

number of groups are actively conducting research on such DNA-based nanoarch-

itectures. Although it is not yet clear whether commercially relevant applications

of DNA scaffolds will ever be realized, the basic exploration of design principles

based on the predictable Watson-Crick interaction of oligonucleotides opens

up long term perspectives in studying novel nanoelectronic structures, sensing

mechanisms, and materials research.

The increasing importance of nanostructures in analytical applications is re-

flected in the seven chapters of section II (Chapters 7–13). Developments of nano-

particle-based technologies are described in the first three chapters. As shown by

Joseph Wang, the large number of inorganic ions incorporated within nanopar-

ticles can be employed for signal amplification by electrochemical means. This

approach offers unique opportunities for electronic transduction of biomolecular

interactions, and thus, for measuring protein and nucleic acid analytes (Chapter

7). The peculiar optical properties of semiconductor nanoparticles are also used
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for bioanalytical purposes. Hedi Mattoussi and colleagues describe in their contri-

bution the latest developments in this area (Chapter 8). This quantum dot bio-

labeling is rapidly moving towards sophisticated applications in cell and tissue

imaging as well as in FRET-based immuno-assays, thereby posing great demands

on the chemical and structural integrity of the hybrid probes. A more fundamen-

tal approach combining nanoparticle technologies and spectroscopy is described

in Chapter 9 by Richard P. Van Duyne and colleagues. The localized surface

plasmon resonance, occurring in optically coupled nanoparticles, coupled with

the size, shape, material and local dielectric environment dependence of the

nanostructures, forms the basis for a novel class of biosensors.

While the above mentioned chapters have the ‘‘bottom-up’’ assembly of func-

tional nanostructures in common, the following four chapters of section 2 take

advantage of micro- and nanosized probe structures fabricated by conventional

‘‘top-down’’ methodologies. The developments of micromechanical cantilever ar-

ray sensors for bioanalytical assays are described by Hans Peter Lang, Martin

Hegner, and Christoph Gerber in Chapter 10. The cantilever arrays respond me-

chanically to changes in external parameters, like temperature or molecule ad-

sorption, and thus, can be used to monitor binding events and chemical reactions

occurring at the sensors’ surfaces. In Chapter 12, James R. Heath reviews work

on nanotube-based sensors, which enable the label-free detection of biomarkers

for cancer and other diseases. It is pointed out here that the establishment of via-

ble carbon nanotube or semiconductor nanowire devices for routine diagnostics

will require a high-throughput fabrication method with an extraordinary high

level of integration of nanoelectronics, microfluidics, chemistry, and biology.

Chapter 11, written by Harald Fuchs and colleagues, reports on uses for shear

force-controlled scanning ion conductance microscopy. By using a local probe

that is sensitive to ion conductance in an electrolyte solution, gentle scanning of

delicate biological surfaces, allows one to obtain well resolved images of fine sur-

face structures, such as of membrane proteins on living cells. In Chapter 13,

Chad Mirkin and colleagues report on the preparation of arrays of nanoscale fea-

tures of biomolecular compounds by using dip-pen nanolithography. Arrays with

features on the nanometer length scale not only open up the opportunity to study

many biological structures at the single particle level, but they also allow one to

contemplate the creation of a combinatorial library, for instance, a complex pro-

tein array, underneath a single cell. This would open new possibilities for study-

ing important fundamental biological processes, such as cell-surface recognition,

adhesion, differentiation, growth, proliferation, and apoptosis.

Section III (Chapters 14–19) of this volume concerns the use of nanostructures

in medicinal applications. The six chapters focus on three major topics: the devel-

opment of nanoparticle-based drug delivery systems, the use of nanoparticles for

imaging, and the design of scaffolds for tissue engineering. Chapter 14, written

by Rudy Juliano, gives an introductory overview on biological barriers to nanocar-

rier-mediated delivery of therapeutic and imaging agents. This chapter also pro-

vides a brief assessment of the toxicology of nanomaterials, a subject which has

currently initiated widespread discussion because it is anticipated that nano(bio)-
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technology will be a key aspect of the future economy. With respect to the devel-

opment of suitable carrier systems, Larken E. Euliss, Julie A. DuPont, and Joseph

M. DeSimone in Chapter 15 summarize work on the development of biocompat-

ible organic nanoparticles, in particular, by means of top-down fabrication tech-

niques, so called lithographic imprinting, adapted from the electronics industry.

This method enables the inexpensive fabrication of monodisperse particles of var-

ious size and shape from a large variety of matrix materials, which have great po-

tential as functionalized carriers for applications in nanomedicine. An alternative

class of particles is described in Chapter 16, where Thommey P. Thomas and col-

leagues report on poly(amidoamine) dendrimer-based multifunctional nanopar-

ticles as a tumor targeting platform. The biocompatible dendrimer macromolecules

act as carriers of molecules for delivery into tumor cells and can achieve increased

drug effectiveness at significantly lower toxicity as compared to the free drug.

With respect to clinical imaging techniques, Young-wook Jun, Jae-Hyun Lee,

and Jinwoo Cheon review current work on the development of magnetic nanopar-

ticle-based contrast agents for molecular magnetic resonance imaging in Chapter

17. This research is aimed towards advances in cancer diagnosis because nano-

particle contrast agents promise in vivo diagnosis of early staged cancer with

sub-millimeter dimension, and might help to unravel fundamental biological pro-

cesses, such as in vivo pathways of cell evolution, cell differentiations, and cell-

to-cell interactions. A different class of nanoparticles is described in Chapter 19

by Samuel A. Wickline and colleagues. They have developed nanoparticles com-

prised of perfluorocarbon materials which are biologically and metabolically inert,

chemically stable, and non-toxic. These nanoparticles have been employed for

molecular imaging with MRI and targeted drug delivery.

Chapter 18 of this section, written by Robert L. Langer and colleagues reviews

methodologies for generating two- and three-dimensional scaffold architectures

for tissue engineering. The authors analyze the use of micro- and nanoscale engi-

neering techniques for controlling and studying cell-cell, cell-substrate and cell-

soluble factor interactions as well as for fabricating organs with controlled archi-

tecture and resolution.

Section IV of this volume is devoted to one of the most innovative topics of

Nanobiotechnology which concerns the fabrication of hybrid devices using or-

ganic and inorganic structures equipped with parts of Nature’s biomolecular ma-

chinery. To facilitate an introduction to natural molecular nanomotors, Manfred

Schliwa describes in Chapter 20 how these fascinating molecular machines are

built from amino acids and how they convert chemical energy into mechanical

motion. In Chapter 21, Carlo D. Montemagno and colleagues summarize current

approaches to fabricate biologically inspired hybrid nanodevices. In particular,

two lines of work are shown, protein-based mechanical devices and cellular power

generation devices, which both have in common the theme of combining biolog-

ical molecules with synthetic host structures.

Similar to the first volume, the purpose of Nanobiotechnology II – More Concepts
and Applications is to provide both a broad survey of the field as well as instruction

and inspiration to scientists at all levels from novices to those intimately engaged
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in this new and exciting field of research. To this end, the current state-of-the-art

of the above described topics has been accumulated by international renowned

experts in their fields. Each of the chapters consists of three sections, (i) an over-

view which gives a comprehensive but still condensed survey on the specific

topic, (ii) a methods section which points the reader to the most important tech-

niques relevant for the specific topic discussed, and (iii) an outlook discussing

academic and commercial applications as well as experimental challenges to be

solved.

We are most grateful to the authors for providing this collection of high quality

manuscripts. We also would like to thank Dr. Sabine Sturm and the production

team of Wiley-VCH for continuous and dedicated help during the production of

this book.

Evanston and Dortmund, November 2006 Chad A. Mirkin
Christof M. Niemeyer
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Center for Nanotechnology (CeNTech)

and Institute of Physics

University of Münster

Heisenbergstr. 11

48149 Münster

Germany

Manfred Schliwa

Institute for Cell Biology

University of Munich

Schillerstr. 42

80336 Munich

Germany

Emily G. Schmidt

Department of Chemistry

University of Illinois at Urbana-

Champaign

600 S. Mathews Ave

Urbana, IL 61801

USA

Leif J. Sherry

Department of Chemistry

Northwestern University

2145 Sheridan Road

Evanston, IL 60208-3113

USA

Rameshwer Shukla

Michigan Nanotechnology Institute for

Medicine and Biological Sciences

University of Michigan

109 Zina Pitcher Place

Ann Arbor, MI 48109

USA

Pinaki Talukdar

Department of Chemistry

University of Illinois

600 S. Mathews Ave, Box 31-5

Urbana, IL 61801

USA

Thommey P. Thomas

Michigan Nanotechnology Institute for

Medicine and Biological Sciences

University of Michigan

109 Zina Pitcher Place

Ann Arbor, MI 48109

USA

Richard P. Van Duyne

Department of Chemistry

Northwestern University

2145 Sheridan Road

Evanston, IL 60208-3113

USA

List of Contributors XXV



Rafael A. Vega

Department of Chemistry and

International Institute for

Nanotechnology

Northwestern University

2145 Sheridan Road

Evanston, IL 60208

USA

Joseph Wang

Biodesign Institute

Center for Bioelectronics and

Biosensors

Box 875801

Arizona State University

Tempe, AZ 85387-5801

USA

David Wendell

Department of Bioengineering

University of California, Los

Angeles

420 Westwood Plaza

Los Angeles, CA 90095-1600

USA

Samuel A. Wickline

Department of Medicine, Physics,

Biomedical Engineering and Cell

Biology & Physiology

Washington University School of

Medicine

4320 Forest Park Ave.

St. Louis, MO 63108

USA

Katherine A. Willets

Department of Chemistry

Northwestern University

2145 Sheridan Road

Evanston, IL 60208-3113

USA

Bilha Willner

Institute of Chemistry

The Hebrew University of Jerusalem

Jerusalem 91904

Israel

Itamar Willner

Institute of Chemistry

The Hebrew University of Jerusalem

Jerusalem 91904

Israel

Patrick M. Winter

Department of Medicine and

Biomedical Engineering

Washington University School of

Medicine

4320 Forest Park Ave.

St. Louis, MO 63108

USA

Derek N. Woolfson

Department of Biochemistry

University of Bristol

Cantock’s Close

Bristol BS8 1TS

UK

Xiaoyu Zhang

Department of Chemistry

Northwestern University

2145 Sheridan Road

Evanston, IL 60208-3113

USA

Jing Zhao

Department of Chemistry

Northwestern University

2145 Sheridan Road

Evanston, IL 60208-3113

USA

XXVI List of Contributors



Part I

Self-Assembly and Nanoparticles:

Novel Principles





1

Self-Assembled Artificial Transmembrane Ion

Channels

Mary S. Gin, Emily G. Schmidt, and Pinaki Talukdar

1.1

Overview

Natural ion channels are large, complex proteins that span lipid membranes and

allow ions to pass in and out of cells. These multimeric channel assemblies are

capable of performing the complex tasks of opening and closing in response to

specific signals (gating) and allowing only certain ions to pass through (selectiv-

ity). This controlled transport of ions is essential for the regulation of both intra-

cellular ion concentration and the transmembrane potential. Ion channels play an

important role in many biological processes, including sensory transduction, cell

proliferation, and blood-pressure regulation; abnormally functioning channels

have been implicated in causing a number of diseases [1]. In addition to large

ion channel proteins, peptides (e.g., gramicidin A) and natural small-molecule

antibiotics (e.g., amphotericin B and nystatin) form ion channels in lipid mem-

branes.

Due to the complexity of channel proteins, numerous research groups have

during recent years been striving to develop artificial analogues [2–7]. Initially,

the synthetic approach to ion channels was aimed at elucidating the minimal

structural requirements for ion flow across a membrane. However, more recently

the focus has shifted to the development of synthetic channels that are gated, pro-

viding a means of controlling whether the channels are open or closed. Such arti-

ficial signal transduction could have broad applications to nanoscale device tech-

nology. In this chapter we will present examples of some strategies used in the

development of artificial ion channels, and describe some techniques commonly

used to evaluate their function.

1.1.1

Non-Gated Channels

The artificial ion channels described to date can be divided into two major classes.

The first class consists of non-gated channels, which are synthetic compounds
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that simply form transmembrane pores. The second class comprises gated chan-

nels that incorporate a means of regulating ion flow across a membrane. A num-

ber of strategies have been used in the development of non-gated artificial chan-

nels, ranging from the assembly of monomers to form transmembrane pores to

the use of single molecules capable of spanning the entire thickness of a lipid bi-

layer. The monomeric channels generally have more well-defined structures than

those formed through aggregation.

1.1.1.1 Aggregates

For ion channels produced through the aggregation of amphiphilic molecules,

monomers must first assemble in each leaflet of a lipid bilayer to form a pore

with a hydrophilic interior. When aggregates in each leaflet of the bilayer align,

a transmembrane channel is formed (Figure 1.1A). Examples of amphiphilic mol-

ecules that display this behavior include an oligoether-ammonium/dialkyl phos-

phate ion pair 1 [8] and a sterol-polyamine conjugate 2 [9] (Figure 1.1B). Artificial

ion channels have also been generated through the stacking of cyclic monomers.

Both cyclic b3-peptides 3 [10] and d,l-a-peptides 4 [11] form transmembrane

pores. The activities of these peptide-based aggregate ion channels are compara-

ble to that of the natural channel-forming peptide gramicidin A.

Fig. 1.1 (A) Schematic representations of artificial ion channels

assembled through the aggregation of amphiphilic monomers and the

stacking of cyclic peptides. (B) Compounds that aggregate to form

transmembrane ion channels.
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1.1.1.2 Half-Channel Dimers

A common approach to designing synthetic ion channels has been to function-

alize a pore-forming macrocycle with lipophilic groups such as alkyl chains or

cholic acid. When these molecules insert into each leaflet of the bilayer and align,

the macrocycles act as pores at each membrane surface, while the lipophilic

groups serve as channel walls (Figure 1.2A). A variety of macrocycles have been

utilized in the construction of half-channel molecules, including b-cyclodextrin 5

[12], cyclic peptides 6 [13], and resorcinarenes 7–9 [14–17] (Figure 1.2B).

1.1.1.3 Monomolecular Channels

Using a similar strategy to that described above for the assembly of half-

channel dimers, a monomolecular channel 10 has been reported that comprises

b-cyclodextrin with oligobutylene glycol chains attached to one face [18] (Figure

1.3A,B). In this case, the macrocycle provides a pore at the surface of the mem-

brane, but the chains are sufficiently long so that a single molecule spans the en-

tire thickness of the bilayer. This monomolecular channel was reported to have a

Naþ transport activity that was 36% that of gramicidin A.

Alternatively, monomolecular ion channels have been designed such that a sin-

gle macrocycle resides near the center of the bilayer, while the attached lipophilic

chains radiate outward toward the membrane surfaces (Figure 1.3A). Examples of

molecules reported to function in this manner include a b-cyclodextrin with oli-

goethers attached to both the primary and secondary faces 11 [19], a calixarene-

cholic acid conjugate 12 [20], as well as crown ethers functionalized with choles-

terol 13 [21], bola-amphiphiles 14 [22], or oligoethers 15 [23] (Figure 1.3B). The

activity of the calixarene-cholic acid conjugate 12 was found to be approximately

73% that of the channel-forming antibiotic amphotericin B.

Artificial single-molecule ion channels that incorporate multiple pore-forming

crown ether macrocycles include a peptide-crown ether conjugate 16 [24] and a

Fig. 1.2 (A) Schematic representation of a transmembrane channel

formed through the dimerization of pore-forming monomers.

(B) Compounds that form ion channels through dimerization.
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tris(macrocycle) hydraphile channel 17 [25] (Figure 1.4A,B). Attaching crown

ethers to a helical peptide scaffold provided a channel that allowed ions to pass

through a series of macrocycles as they traversed the membrane. In the hydra-

phile channel, distal crown ethers are thought to serve as pore openings at the

membrane surfaces, while the central azacrown ether stabilizes ions as they pass

across the bilayer. It was reported that the hydraphile channel was 28% as active

as gramicidin D.

Although common, the incorporation of macrocycles is not a prerequisite for

monomolecular channel formation. An amphiphilic molecule 18 incorporating a

number of lysine and cholic acid groups as well as a p-phenylene diamine linker

served as a monomeric transmembrane channel [26] (Figure 1.4A,B).

1.1.2

Gated Channels

While the previous examples demonstrate that artificial channels can promote

transmembrane ion transport, they do not provide a means of controlling

Fig. 1.3 (A) Schematic representations of monomolecular ion channels

incorporating a single macrocycle. (B) Structures of monomolecular ion

channels that incorporate a single macrocycle.
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whether the channel is open or closed. Signal-activated synthetic channels bring

the field one step closer to mimicking the function of natural ion channels, as

active channels are only formed in the presence of a specific signal. As with nat-

ural channels, a variety of methods can be used to gate these synthetic analogues,

including light, voltage, and ligand activation.

1.1.2.1 Light-Gated Channels

Although not a stimulus for natural channels, light has been used to control

transmembrane ion transport through a synthetic channel. This was accom-

plished by incorporating an azobenzene group into an oligoether carboxylate-

alkylammonium ion pair 19 [27] (Figure 1.5B). With a trans-azobenzene unit

present, the ion pair aggregates promoted transmembrane ion transport (Figure

1.5A). However, upon isomerization to the cis-azobenzene, single channel cur-

rents were no longer detected, indicating channel blockage.

1.1.2.2 Voltage-Gated Channels

An early example of a voltage-gated channel relied on the use of an

alkylammonium-oligoether phosphate ion pair 20 with an overall negative charge

(Figure 1.6B). These ion pairs assemble into half-channels in each leaflet of a

Fig. 1.4 (A) Schematic representations of monomolecular ion channels.

(B) Compounds that serve as monomolecular ion channels.
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bilayer (Figure 1.6A). When aggregates in each leaflet align to form trans-

membrane channels, there are typically unequal numbers of negatively charged

monomers in each half channel, resulting in an overall molecular dipole [28]. De-

pending on the orientation of this molecular dipole, an applied voltage either sta-

bilizes or destabilizes the assemblies, providing voltage-dependent ion transport.

Similar voltage-gated channels were constructed using membrane-spanning

monomers with molecular dipoles (Figure 1.6A). Both, a bis-macrocycle bolaam-

phiphile 21 with a carboxylic acid and a succinic acid on opposite ends [29] and a

bis-cholic acid compound 22 with a carboxylic acid on one end and a phosphoric

acid group on the other [30], assemble into voltage-gated channels (Figure 1.6B).

The use of charged monomers is not a prerequisite for achieving voltage-gated

transport through artificial channels. Using a peptide-dialkylamine conjugate 23

that dimerizes in lipid bilayers, a chloride-selective channel was developed

that demonstrated voltage-dependent gating [31] (Figure 1.7A,B). A second

example of a channel incorporating uncharged monomers utilizes tripeptide-

functionalized p-octiphenyl rods with a methoxy group on one end and a methyl

Fig. 1.5 (A) Schematic representation of a light-gated ion channel.

(B) Structure of ion pairs that assemble into a light-gated ion channel.

Fig. 1.6 (A) Schematic representations of voltage-gated ion channels.

(B) Compounds that assemble into voltage-gated ion channels.
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sulfone on the other 24 [32]. These p-octiphenyl rods with axial dipoles displayed

voltage-dependent b-barrel assembly.

1.1.2.3 Ligand-Gated Channels

A number of ligand-gated artificial ion channels have been reported. In an early

example of a ligand-activated channel, polyhistidine and copper ions were utilized

to organize transmembrane assemblies of iminodiacetate-functionalized oligo-

phenylenes 25 [32] (Figure 1.8A,B). This assembly was found to have a Kþ trans-

port activity comparable to that of amphotericin B.

A second example of ligand gating relies on the formation of charge-transfer

complexes to open the channel [33]. In this case, p-octiphenylene rods functional-
ized with naphthalenediimide groups 26 initially assembled into p-helices which

act as closed ion channels (Figure 1.9A,B). Upon the addition of a dialkoxynaph-

thalene 27 that intercalated between the naphthalenediimide groups, charge-

Fig. 1.7 (A) Schematic representations of voltage-gated ion channels.

(B) Uncharged compounds that assemble into voltage-gated ion

channels.

Fig. 1.8 (A) Schematic representation of a ligand-gated ion channel.

(B) Components of the ligand-gated ion channel.
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transfer complexes formed, leading to untwisting of the assemblies and an open-

ing of the channels.

The addition of a ligand may not only lead to the formation of open channels;

rather, it can also cause the blockage of artificial ion channels. This type of

blockage gating has been demonstrated with a cucurbituril-based channel that is

blocked by acetylcholine [34] as well as with a b-barrel pore blocked by polygluta-

mate [35].

1.2

Methods

As natural ion channels act in cell membranes, cell membrane mimics are used

to assess the activity of artificial ion channels. Either planar lipid bilayers or

spherical lipid bilayers called vesicles, or liposomes, are utilized in ion transport

experiments.

1.2.1

Planar Bilayers

Planar bilayer clamp studies provide a means of establishing that a synthetic

compound acts as a transmembrane ion channel [36, 37]. The set-up for these

experiments involves preparing a bilayer membrane across a small hole in a hy-

drophobic partition between two chambers containing an electrolyte solution

(Figure 1.10A). An electric potential is established across the lipid bilayer by in-

serting electrodes into the solution chambers; the current passing between these

electrodes is then monitored using a bilayer clamp instrument. As the bilayer it-

self acts as a good insulator, step changes in the conductance represent ion trans-

port through transmembrane channels.

Fig. 1.9 (A) Schematic representation of a ligand-gated ion channel.

The intercalation of dialkoxynaphthalene molecules (red) between

naphthalenediimide groups (blue) causes the channel to open.

(B) Components of the ligand-gated ion channel.
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1.2.2

Vesicles

Vesicles, or spherical lipid bilayers enclosing an aqueous space, are also used to

assess the ability of synthetic compounds to act as artificial ion channels. Vesicles

can be prepared by a number of different methods, including sonication, extru-

sion, and detergent dialysis [38]. Dynamic light scattering and electron micros-

copy allow the size distribution and morphology of vesicles to be assessed. Com-

mon techniques used to monitor ion transport across vesicle bilayers include
23Na NMR, pH-stat, pH- or environment-sensitive fluorescent dyes, and ion-

selective electrodes.

1.2.2.1 23Na NMR

For 23Na NMR experiments [39–42], large unilamellar vesicles are prepared in a

NaCl solution. Addition of a dysprosium tripolyphosphate shift reagent changes

the chemical shift of the Naþ in the external solution [43]. In the presence of an

active channel, the Naþ ions inside and outside the vesicles exchange, leading to

line broadening of the 23Na NMR signals (Figure 1.10B). This line broadening is

directly proportional to the rate of transmembrane Naþ transport.

1.2.2.2 pH-Stat

For a typical pH-stat experiment [44], vesicles are prepared in a pH 6.6 buffer and

the external solution is subsequently adjusted to pH 7.6. Following the addition

of the proton carrier carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone

(FCCP) to ensure rapid proton transport across the vesicle membranes, a metal

sulfate solution is added to establish an opposing cation gradient (Figure 1.10C).

Fig. 1.10 (A) Schematic representations of the apparatus used in planar

bilayer experiments and the type of data generated. (B) Depiction of the

exchange of Naþ ions inside vesicles and how it affects the 23Na NMR

spectra. (C) Representation of the flow of ions in and out of vesicles

during a pH-stat experiment. (D) Depiction of an experiment using a

concentration-sensitive fluorescent dye to monitor ion transport.
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Upon addition of the channel, proton efflux occurs and a solution of base is

added to maintain the pH at 7.6. The amount of base needed to maintain the

pH is related to the activity of the channel.

1.2.2.3 Fluorescence

A variety of fluorescent dyes can be entrapped in vesicles to provide information

regarding the activity of ion channels (Figure 1.10D). Fluorescent probes utilized

include the pH-sensitive dye 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt

(HPTS) [45–47], the concentration-sensitive dye 5(6)-carboxyfluorescein (CF) [48,

49], the potential-sensitive dye safranin O [50], and the fluorophore/quencher

pair 8-aminonaphthalene-1,3,6-trisulfonate (ANTS)/p-xylenebis(pyridinium) bro-

mide (DPX) [51].

1.2.2.4 Ion-Selective Electrodes

Channel activity can also be assessed using an ion-selective electrode to monitor

the amount of a certain ion (such as Naþ or Cl�) released from vesicles [52, 53].

1.3

Outlook

Significant progress has been made in the field of artificial ion channels since the

first example was reported in 1982. To date, a variety of strategies have been uti-

lized in the construction of ion channels that mimic the function of those found

in nature. These artificial channels have found applications in molecular recogni-

tion [54], sensing enzymatic reactions [32], as artificial enzymes [55], and in bio-

sensors [56]. In addition, a few synthetic channels have exhibited antibacterial

activity [57, 58].

Despite this progress, certain obstacles remain in the drive to achieve truly bio-

mimetic ion transport. One issue that must be addressed is the regulation of

transmembrane ion transport through these synthetic channels. While consider-

able progress has been made in the development of gated channels, there is still a

need for artificial channels with well-defined structures that can be opened and

closed repeatedly, and in a reliable manner.
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2

Self-Assembling Nanostructures from

Coiled-Coil Peptides

Maxim G. Ryadnov and Derek N. Woolfson

2.1

Background and Overview

2.1.1

Introduction: Peptides in Self-Assembly

The past decade has witnessed growing interest in employing biomolecules in the

bottom-up assembly of increasingly complex nanostructures and materials [1]. In

Nature, molecular self-assembly is a ubiquitous process in which various inter-

molecular forces cooperate to guide the organization of biomolecules into higher

levels of structural hierarchy [2]. This organization ranges from polymers that

only become ordered in the presence of their target molecules or surfaces,

through the spontaneous folding of linear polymer chains to precisely defined

three-dimensional structures, to the association and further assembly of such

folded structures into functioning assemblies and materials [1]. The majority of

these processes occur at the nanoscale, employing biomolecules such as carbohy-

drates, lipids, nucleic acids, and polypeptides. The resulting structures are nano-
structures which, in some cases, assemble further to form nano-to-mesoscale com-

plexes and materials. The forces involved are non-covalent interactions, including

hydrogen and ionic bonding, the hydrophobic effect, and van der Waals’ interac-

tions. Individually, such interactions are negligible compared with covalent bonds

and even with respect to ambient thermal energy. However, through the forma-

tion of extended cooperative networks, non-covalent bonds can direct and cement

thermodynamically stable structures. Moreover, unlike most molecules formed by

covalent bonds, the assembly of such structures is readily reversed and may even

be transient. As a result, assembled biological supramolecules respond to a vari-

ety of external stimuli. In turn, this affords considerable control in biomolecular

assembly (and disassembly) processes.

The above is the essence of natural molecular recognition and molecular

self-assembly, and the nanobiotechnologist has a good deal to learn from it.

Specifically – and of immediate interest to this chapter – there are now reliable

rules that link the chemistry of biological molecules to their three-dimensional
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structures and mechanisms of assembly. Furthermore, these rules can be har-

nessed in the design of supramolecular complexes and materials. This so-called

‘‘bioinspiration’’ has largely been taken from natural nucleic acid and protein sys-

tems. Moreover, certain of these self-associating nucleic acids and proteins are

built on relatively straightforward patterns of non-covalent interactions that are

well understood. This facilitates using self-assembly to access otherwise syntheti-

cally inaccessible supramolecules, and in some cases leads to the creation of

unprecedented supramolecular arrangements [3, 4]. For example, the chemical

synthesis of protein-based suprastructures such as viruses, ribosomes or even

simpler enzyme complexes is not yet achievable, whilst Nature accomplishes it

seemingly effortlessly through non-covalent biomolecular recognition [2]. None-

theless, Nature offers a clear guide on the route to take as it often constructs its

rich set of complex protein architectures from simpler and often-repeated struc-

tural units. These smaller protein units are generally termed ‘‘peptides’’, and so-

called ‘‘peptide-folding motifs’’ have unparalleled potential in synthetic polymer

self-assembly. First, they provide explicit selectivity and specificity in supramolec-

ular assembly, as observed in natural protein structures, which can be understood

in terms of relationships or rules that link their primary chemistry to their 3D

structures. Second, peptides are also accessible through synthetic chemistry [5, 6].

Like proteins, peptides are polymers of amino acids. Peptides can be synthe-

sized as precisely defined, monodispersed polymers from a great diversity of

amino-acid monomers – which can be either natural or synthetic – to present a

wide variety of chemistries along the polymer chain. In some cases, the relation-

ship between a peptide sequence (i.e., the order of amino acids along the polypep-

tide chain, read from the amino to carboxy terminus) and a structure is well

established allowing clear, precise and elegant designs of 3D objects [7]. Finally,

peptides can be prepared using developed chemical techniques.

Currently, many peptide-folding motifs are known, including those for collagen

triple helices [8], zinc-finger motifs [9] and, most recently, b-amyloid fibrils [10].

Design rules are available to differing degrees for these and other motifs. Over

the past two decades, however, one motif stands out for its utility in peptide-

design and engineering studies – namely, the a-helical coiled coil – which is one

of the most abundant and versatile protein-folding motifs in biological systems

[11, 12]. The folding and assembly of coiled coils has been comprehensively

studied, and clear rules are currently available for the design of coiled coil-based

structures de novo [13]. Furthermore, because coiled coils are essentially motifs

for protein–protein recognition and association, they represent an ideal building

block for constructing peptide- and protein-based nanoscale objects. Herein, we

review the latest achievements in the design and engineering of nanostructures

and materials using the a-helical coiled coil.

2.1.2

Coiled-Coil Peptides as Building Blocks in Supramolecular Design

Coiled coils are rod-like bundles of a-helices (Figure 2.1) [11]. The unifying char-

acteristic of all coiled-coil structures is the interdigitation of side chains from
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neighboring helices in the cores of the bundles, which is referred to as ‘‘knobs-

into-holes’’ packing [14, 15]. This packing arrangement, and the resulting associ-

ation of helices, is set up by patterns of predominantly hydrophobic residues

along each polypeptide chain. The most common (sometimes termed ‘‘ca-

nonical’’) pattern has hydrophobic residues spaced alternately three and four res-

idues apart. The resulting seven-residue repeat is referred to as the ‘‘heptad

repeat’’, and is usually denoted abcdefg with hydrophobic residues occupying po-

sitions a and d. This pattern sets up a hydrophobic seam on each a-helix. Because

the average spacing of hydrophobic residues along the sequence (3.5 residues)

falls short of one complete turn of an a-helix (3.6 residues), the seam has a left-

handed twist with respect to the right-handed a-helix. Therefore, in order to max-

imize burial of the hydrophobic seams, the helices associate into bundles with

left-handed helix-crossing angles. Finally, the remaining – c, d, e, f, and g –

positions of the heptad repeat are often occupied by polar side chains, which

make the individual coiled-coil helices amphipathic, and provide the resulting

coiled-coil bundles with water-soluble surfaces. These basic features of coiled-coil

association are illustrated in Figure 2.1.

In Nature, coiled-coil assembly is further complicated as individual bundles can

have up to five helices (Figure 2.1C), the exact number being defined largely by

Fig. 2.1 (A) A dimeric coiled-coil superhelix. (B) These structures are

characterized by heptad patterns, abcdefg, in their sequences, shown

here configured onto helical wheels. (C) Amino acids at a and d form

hydrophobic seams that cement helix–helix interactions. Different

oligomerization states of coiled coils are observed in Nature (PDB

entries 2ZTA, 1IJ3, 2BNI, 1T8Z).
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the nature of the hydrophobic residues at the a/d interface [16]; higher-order ar-

rangements are also possible [17], and coiled coils can also be either hetero- or

homo-typic [18]. The saving grace, however, is that amino-acid preferences – and

particularly those at the a, d, e, and g sites of the heptad repeats – determine the

number and type of helices in the bundles, and some of these have been gleaned

through analyses of, and experiments on, natural systems [13]. For example, a

common coiled-coil motif often exploited in design and engineering studies is

the leucine zipper (Figure 2.1A). Leucine-zipper sequences predominantly have

the hydrophobic amino acid leucine in their d sites, which directs the assembly

of parallel dimers (Figure 2.1A,B) [19, 20].

Such sequence-to-structure relationships in coiled coils provide ‘‘rules of

thumb’’ for the prescriptive design of polypeptide chains that can be assembled

from the bottom up into specific structures [13]. Furthermore, as each heptad re-

peat spans approximately 1 nm, the polypeptide chain can (in principle) be me-

tered out to make struts, linkers, and fibers of precisely defined length. These fea-

tures, in combination with modern methods for the synthesis of peptides, offer

considerable potential and power to nanoscientists to assemble nanoscale objects.

Indeed, in our view this is only rivaled by possibilities in the assembly of DNA-

based objects [3, 21].

2.1.3

Coiled-Coil Design in General

The field of peptide and protein engineering and design is considerable [7].

Within this, arguably, the design of coiled coil-based motifs and structures has

been the most successful over the past decade. This success can largely be attrib-

uted to: (i) the development of rules that link coiled-coil sequence and structure;

and (ii) the straightforward synthesis of coiled-coil peptides. Foregoing studies of

coiled-coil design include the assembly of straightforward homodimer, trimer,

tetramer and pentamers; the rational design of heterodimers, trimers and tet-

ramers; self-replicating systems, and metal- and heme-binding coiled-coil systems

[7, 22]. Although not directly the subject of this chapter, this background provides

a firm platform on which more ambitious coiled coil-based designs such as

nanoscale linkers, peptide-based fibrous and gel materials, and components of

peptide-based switches, can be built.

2.2

Methods and Examples

2.2.1

Ternary Coiled-Coil Assemblies and Nanoscale-Linker Systems

Some of the most illustrative and visually convincing examples of coiled coil-

based nanostructures are the two- and three-dimensional networks of metal clus-
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ters assembled with nanoscale precision from peptide-decorated gold nano-

particles (NPs) [23, 24]. To our knowledge, there are only two examples of such

supramolecular arrangements based on coiled-coil linkers, though both are in-

spired by a larger body of work based on DNA-linker systems [25].

The first example is from our own laboratory [23]. The name of the linker –

‘‘belt-and-braces’’ – reflects the mode of assembly in which one peptide, ‘‘the

belt’’, templates the co-assembly of its two half-sized ‘‘braces’’ (Figure 2.2A). Indi-

vidually, the peptides are unstructured, but form a novel two-stranded coiled-coil

assembly when mixed: the belt acts as a six-heptad template for the assembly of

the two three-heptad brace peptides. The braces are directed to opposite ends of

the belt using different combinations of hydrophobic, electrostatic and hydrogen-

bonding interactions created through specific amino-acid placements at the a, d, e

and g sites of the heptad repeats. This allows specific termini of each brace to be

tagged with thiol-containing cysteine residues which, in turn, are used to bind to

the cargo. The distance spanned by the assembled linker is predicted to be ap-

proximately 7 nm (6 nm for the six-heptad coiled coil plus some for the Cys-

containing tags). The assembly and this spacing are confirmed by derivatization

with gold NPs and the formation of mesoscopic metal networks (Figure 2.2A).

Although DNA-based linkers are better developed than those using peptides

[25], peptide-based assemblies offer a number of potential advantages to this

area. For instance, the peptide-based assemblies can be engineered for stability

over a broader range of conditions; peptides can be functionalized readily, and

they are amenable to large-scale production through the construction and expres-

sion of synthetic genes in bacterial hosts. This latter point is partly illustrated by

the other report by Stevens et al. [24] where longer linkers were bacterially ex-

pressed. These studies also add another interesting example of peptide-directed

Fig. 2.2 (A) Gold nanoparticles assemblies mediated by a ‘‘belt-and-

braces’’ nanoscale linker, with adjacent particles uniformly separated at

7 nm. (B) Satellite networks assembled from coiled coil-derivatized

nanoparticles. (Adapted with permission from Refs. [23, 24]).
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NP assemblies: namely, these authors use two sizes of NP – 8.5 and 53 nm – to

produce satellite structures (Figure 2.2B). These two sets of NPs are each modi-

fied with a different complementary peptide; thus, when mixed, satellite struc-

tures resembling those organized by oligonucleotide linkers [26] are observed

(Figure 2.2B).

2.2.2

Fibers Assembled Using Linear Peptides

With good reason, the field of bioinspired fibrous assemblies has been dominated

over the past decade by b-amyloid and related structures. One reason for this con-

certed effort is the role of b-amyloid in the so-called protein-misfolding diseases,

or the amyloidoses, such as Alzheimer’s disease [27]. Potential applications of

b-amyloid fibers in nanobiotechnology are increasingly being recognized [10]. In

b-amyloid fibers, the polypeptide chains form b-strands which run perpendicular

to the long axis of the fibers; these strands stack and hydrogen bond to form

b-sheets that run along the long axis, and the b-sheet fibrils subsequently multi-

merize to form thickened fibers approximately 10 nm thick [28]. Whilst the suc-

cessful rational designs of amyloid-like systems have been increasingly reported,

many examples of amyloids are produced by the misfolding of natural peptides

and proteins. This field has a large associated literature. Moreover, both the

natural and designed variants are widely reviewed elsewhere [29]. For these

reasons – and for those mentioned in the Introduction – here we focus on assem-

blies based on peptides designed to adopt a-helical conformations. As described

in the previous section, several groups have succeeded in decorating self-

assembled amyloid-like fibers and tubes based on b-structured peptides and mis-

folded protein with gold NPs, and some of these have been used to produce silver

nanowires [30–32].

There are now several a-helix-based (and specifically coiled coil-based) designs

that produce novel fibrous structures spanning the nano-to-mesoscale regimes.

For example, Kojima et al. [33] describe a three-heptad coiled coil that forms helix

bundles and propagates fibers 5–10 nm wide and several microns long. Though

the fibers are not characterized in detail, this is the first report of such a system.

The second example comes from our own group. We applied the concept of

‘‘sticky end assembly’’ from recombinant DNA technology to peptides for the first

time to guide the longitudinal assembly of sticky-ended heterodimers into ex-

tremely long coiled coils (Figure 2.3A,B). The resulting fibers are@50 nm thick

and tens of microns long (Figure 2.3C); these structures represent the ordered co-

assembly of approximately one million monomer units [34]. This approach has

now been applied independently or adopted by other groups to assemble other

coiled coil-based fibers [35–37], and those based on different protein-folding

motifs such as the collagen triple helix [8]. This second area is gathering

momentum, which is important for two reasons. First, the construction of self-

assembling collagens presents a fresh set of challenges in synthesis and assem-

bly. Second, the development of fibrous materials based on biologically relevant
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collagen peptides would have clear applications in tissue engineering. Unfortu-

nately, this area is beyond the immediate scope of this chapter, and consequently

the reader is referred to the recent primary literature [8, 38].

We refer to our assemblies as a self-assembling fiber (SAF) system. This com-

prises two complementary peptides that form a staggered heterodimer with oppo-

sitely charged ‘‘sticky ends’’ (Figure 2.3A). Unlike sticky-ended DNA assembly,

however, it transpires that this design propagates the intended assembly not only

longitudinally (Figure 2.3B) but also laterally, and this results in thickened fibers

(Figure 2.3C). (Note: a dimeric coiled-coil fiber would be expected to be@2 nm in

diameter, and the fibers produced by the SAF peptides are@50 nm thick.) As dis-

cussed below, we believe that this thickening process is inevitable; indeed, it is

observed in the other designed fibrous systems.

The hallmark of the SAF system – and a key distinguishing feature from other

peptide-based fibrous assemblies – is that it is a binary system. In other words, by

using the aforementioned rules for coiled-coil design, two complementary (but

different) peptides are encouraged to co-assemble to form the sticky-ended hetero-

dimer. Moreover, the isolated individual peptides are unfolded, and it is only

when they are mixed that the heterodimer is formed and fibriollogenesis ensues.

This design produces novel features to the fibers at the nanoscale. Specifically, the

fibers are polar [40], and they show considerable internal and external order on

the nanoscale [39].

The binary design also allows for considerable control over the assembly pro-

cess. For example, this has allowed the assembly of novel structures from the

bottom up by introducing special peptides during the assembly of the standard
linear SAF peptides [13, 41–43]. A later (but similar) example of coiled coil-based

fiber assembly is described by Potekhin et al. as a general model for designing

n-stranded coiled-coil ropes [35]. These authors propose that the repetition of

identical heptad repeats in a peptide presents a high probability of mismatched

or axially staggered a-helices during coiled-coil assembly. In turn, this should re-

sult in the formation of fibrils, which are indeed observed experimentally (Figure

2.4). This assumes the shift between adjacent helices to be equivalent to an inte-

gral number of the repeats which, in turn, gives rise to a general equation for the

most favorable length of a helix to form an n-stranded rope: (n� 7� 1), where n
is the number of strands, 7 is the number of residues in the heptad repeat, and 1

is a residue spacer for the head-to-tail packing of the helices. Although, according

to the equation the simplest design would be for two-stranded ropes using

13-residue peptides, the authors describe a longer 34-mer, which should form a

five-stranded coiled coil (Figure 2.4B), arguing that this would be more stable

than an assembly based on a smaller peptide. (Note that this is different from

the SAF designs in which the offset between associated helices is set explicitly

by rational design. Specifically, by complementary polar residues position in the

helix–helix interface of the sticky-ended heterodimer [34].)

The 34-residue peptide described by Potekhin et al. forms fibrils 2.5 nm wide

with the helices oriented along the rope, which is consistent with a five-stranded

design without lateral association, as designed (Figure 2.4C). Curiously, however,
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Fig. 2.3 The Self-Assembling Fiber (SAF) design. (A) A coiled-coil

heterodimer designed to assemble offset and leave oppositely charged

sticky ends (acidic shown in red, basic in blue). (B) Propagation of the

dimer into a coiled coil protofibril. (C) Electron micrographs of matured

fibers resulting from the bundling of coiled-coil protofibrils. (Adapted

with permission from Refs. [34, 39]).

Fig. 2.4
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depending on pH, the peptide also associates into spherical assemblies of 10–15

nm diameter (Figure 2.4D). This design represents a very interesting model and

holds potential for controlling the morphology of suprastructures, along with

introducing desired functions. A more-recent fiber design by Potekhin et al. pro-

duces structures with a range of thicknesses [44]. Most recently, Zimenkov et al.

presented a design for a single-peptide leucine zipper-based sequence [36] where,

Fig. 2.4 A fiber system based on a pentameric coiled-coil design.

Staggered helices are depicted as arrows in (A) and modeled as ribbons

in (B). One contiguous strand is shown in blue. The N-termini are

shown in yellow to follow the head-to-tail alignment of the helices with

each strand. Electron micrographs of fibrils (C) and spherical particles

(D) for by these designed peptides. Scale bars ¼ 100 nm. (Adapted

with permission from Ref. [35]).

H________________________________________________________________________________

Fig. 2.5 Tetramerized leucine-zipper peptides tethered to synthetic hubs

(A), which co-assemble to form a-helical fibers (B). The scale bar for the

electron microscopy image is 1 mm. (Adapted with permission from

Ref. [46]).
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again, the resulting fibrillar structures were thicker (20–50 nm) than the intended

two-stranded coiled-coil ropes.

2.2.3

Fibers Assembled Using Protein Fragments and Nonlinear Peptide Building Blocks

As shown recently by several groups [13, 45, 46], leucine zippers make excellent

building blocks for different supramolecular nanostructures. For example, Zhou

et al. described leucine-zipper peptides displayed on dendritic hubs that assemble

to form fibrous structures [46]. The system comprises two complementary pep-

tide sequences, each tetramerized as star-like dendrimers (Figure 2.5A).

The individual tetramers are a-helical to some extent on their own, but this

does not lead to supramolecular assemblies. However, when mixed 1:1 the two

dendrimers irreversibly form helical fibrils, which rapidly aggregate to give larger

fibrous precipitates (Figure 2.5B). Intriguingly, the dendrimers sustain their pre-

adopted helical structure upon aggregation, producing another and different ex-

ample of a-helical fibers.

Nonlinear constructions not only provide the bulk material for supramolecular

assemblies, but can also be used as supplements to program assembly. For in-

stance, we have designed orthogonal leucine-zipper constructs that are comple-

mentary to the basic linear building blocks of the aforementioned SAF system.

These introduce various morphological changes into the otherwise straight fibers

[13, 41]. The characterizing feature of these constructs is that they combine mul-

tiple copies of identical or different complementary half-sized peptides into one

molecule in head-to-head or tail-to-tail fashions. These special peptides are in-

tended to combine with the standard linear SAF peptides and direct convergent

and divergent modes of SAF assembly to produce nonlinear fibers (Figure 2.6).

As the figure indicates, different fiber morphologies are observed depending on

the precise special construct added [41]. This offers a route for controlling and

programming supramolecular hierarchies on a rational basis [13].

In another topological design, Ogihara et al. use coiled coils to propagate the

assembly of domain-swapped proteins [45]. Three-dimensional domain swapping

in proteins is the exchange of structural subdomains between monomers, leading

to oligomerization. As a result, the protein monomers become entwined in the

oligomer, but most of the non-covalent interactions in the domain-swapped struc-

ture resemble those in the natively folded monomers. The starting point for Ogi-

hara’s studies is a monomeric three-helix bundle with an up-down-down topology

of helices, which is derived from a previously designed coiled coil [47]. As shown

in Figure 2.7A, helical regions I/II of the first monomer and region III 0 of a sec-

ond monomer associate to form a structural unit. This leaves regions I 0/II 0 and
III available as ‘‘sticky ends’’ for further assembly into filaments. Indeed, the re-

sulting suprastructures are characteristic of mesoscopic fibers with orientated

subunits along the filament axis, and also the aforementioned lateral association

of the filaments into larger fibers (Figure 2.7B).

Most recently, Lazar et al. showed that engineered helix-turn-helix fragments

from the apolipoprotein A-I form extended and thickened fibers. A key difference
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between these fibers and those described above is that the a-helices are oriented

perpendicular to the long axes of the fibers [48].

Finally in this section, Yeates and co-workers used natural protein–protein oli-

gomerization units to build discrete nanoscale objects and fibers. A full discus-

sion of these exciting investigations is beyond the scope of this chapter, but can

be found in reports and reviews provided by Yeates’s group [4].

2.2.4

Summary: Pros and Cons of Peptide-Based Assembly of Nanofibers

The preceding sections of this chapter have introduced the concepts and exam-

ples of peptide-based, self-assembling fibers. We have focused on constructions

using a-helically structured peptides, although fibers have been generated by

many others using b-amyloid-like structures, collagen triple helices and larger

natural protein units. Thus, the field of peptide and protein-based fibrous ma-

terials is burgeoning. There is also considerable potential for such structures in

Fig. 2.6 Constructing nonlinear peptide-based fibers. (A) Standard

SAFs. (B) Convergent and (C) divergent modes of assembly using

special, nonlinear peptides to supplement the standard SAF peptides.

(Adapted with permission from Ref. [41]).
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nanotechnology through more traditional biotechnology applications, ranging

from templates for inorganic materials and nanothin wires, to biocompatible scaf-

folds for cell culture, including wound healing and tissue engineering. These and

other applications have been reviewed recently elsewhere [5, 6].

Fig. 2.7 A coiled coil-based domain-swapped system. The assembly of a

monomeric three-helix bundle with up-down-down topology (A) into

mesoscopic fibers (A and B). (Adapted with permission from Ref. [45]).
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One intriguing feature of most – if not all – of the peptide-based fibers dis-

cussed here and elsewhere is that the intended fibrils assemble further to form

thickened, matured fibers. The extent of this coarsening varies from system to

system; for example, with b-amyloid-like assemblies the matured fibers tend to

be of the order of 10 nm thick, which implies the packing of a small number of

protofibrils, whereas in our own SAF system the matured fibers can be up to

70 nm thick and involve hundreds of two-stranded coiled-coil fibrils.

Some of the questions that arise from these observations are:

1. What drives the thickening process(es)?

2. Is the thickening limited, and can it be controlled?

3. Is the thickening a failing or a drawback of the design

procedures and choice of building blocks?

4. Is the converse of question 3 true – is thickening actually an

advantage?

First, thickening – at least to some extent – may well be inevitable for fibers of the

type we have described [34]. This is because identical chemical moieties will be

presented regularly on the outer faces of the nascent fibrils through helical repe-

tition of identical building blocks. In such arrangements, if two such moieties

have some affinity for each other, however small, they will tend to zipper up via

complementary patterns along the lengths of the fibrils. In this way, fibrils will be

brought together to create thickened fibers via an avidity effect. With regard to

limiting and controlling this process, much consideration has been made for

both the amyloid and coiled-coil systems. For example, if the geometry of the fi-

brils being recruited to fibers is compromised at all, then coarsening will be ar-

rested when the deformation energy outweighs the affinity. Whether thickening

is a failing or an advantage of these systems is first, a matter of opinion, and sec-

ond, is dependent on the particular applications in mind for the fibers. For in-

stance, thickening may be a disadvantage when creating templates for nanothin

wires, but an advantage for building a stable scaffold for tissue engineering where

nanoscale precision is less important.

This subject of fiber maturation has been addressed by several groups investi-

gating coiled coil-based fibrous systems. For example, the design of nanofilaments

and nanoropes reported by Wagner et al. [37] is of a leucine-zipper peptide with a

similar mode of assembly as described for the SAF system. The aim in part, how-

ever, was to address the issue of thickening by using non-covalent interactions

concomitantly to favor axial and to disfavor (or at least regulate) lateral modes in

the assembly of fibers. The resulting fibrous structures are indeed thinner com-

pared to the SAF designs, but they are also much shorter. Heterogeneity in the

length of nanoropes, and also some of the less-regular morphologies observed,

are possibly related to poor inter-associations and stabilities of the coiled-coil pro-

tofilaments. In addition, disulfide bonds formed by oxidized cysteine residues in

the sequence may contribute to the polymerization effect and partial misfolding.

As noted by others, the latter can lead to the creation of less-well ordered aggre-
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gates and so-called fractal patterns of assembly, irrespective of the peptide se-

quences and conformations [49–52].

Most recently, we have shown that the thickness, stability, and other properties

of the SAFs can each be engineered to some extent through rational redesign

[39]. Briefly, the first-generation SAFs – which comprise two complementary

four-heptad leucine zippers – form fibrils that rapidly assemble to matured fibers

@45 nm thick and tens of microns long [34]. In a second-generation SAF design,

further thickening is promoted through additional favorable electrostatic interac-

tions on the fibril surfaces. This results in the production of thicker (@70 nm)

fibers, and also introduces a number of interesting new features, notably that

the fibers are stabilized, they are internally more ordered on the nanoscale, and

they are polar [39, 40]. In a third-generation redesign, the initial step in fibrillo-

genesis (i.e., formation of the heterodimer) is promoted by increasing the lengths

of the interacting SAF peptides to five heptads each; otherwise, the design is as

for the second-generation SAFs. Interestingly, the resulting fibers are more stable

than their second-generation counterparts and maintain the nanoscale order, but

they are slightly thinner at@60 nm on average.

A final intriguing observation from the redesigned SAFs is that the second- and

third-generation fibers (but not the first-generation) show striations in negative-

stain transmission electron microscopy reminiscent of patterns observed in nat-

ural fibrous assemblies such as collagen and fibrin [53, 54]. For the synthetic SAF

system, the distance between striations matches the expected lengths of the com-

ponent peptides folded into a-helices and aligned with the long axes of the fibers

(Figure 2.8). This suggests: (i) nanoscale order in the fibers above that originally

designed; and (ii) that these features can be tuned by using peptides of different

lengths [39].

2.2.5

Assembling More-Complex Matrices Using Peptide Assemblies as Linker Struts

Coiled coils have also been proposed as components and building blocks in the

assembly of gels [55–57] and fibrillar matrices [13, 37]. With the latter in mind

in particular – since coiled coils share similar dimensions and morphologies

with fibrous components of the extracellular matrix (ECM) – designed a-helical

fibrillar matrices represent a promising route to the engineering of synthetic

ECM analogues, although as yet this suggestion needs to be supported by experi-

mental investigations.

2.2.5.1 Programmed Matrices Assembled Exclusively from Coiled-Coil Building

Blocks

As described above, the SAF system can be supplemented with special peptides to

create more-complex suprastructures. Most recently, this has included assemblies

that resemble natural fibrillar networks [13], where the fibers are themselves con-

sidered as the building blocks or struts of the matrices, and the special peptides

as the shapers and connectors [13, 41]. We have observed various fiber and matrix
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morphologies depending on the special peptide added (Figure 2.9). Again, as

these assemblies are peptide-based and founded on non-covalent interactions,

they are biocompatible and reversible – which is attractive for creating remodel-

able matrices for in-vivo applications. However, stability remains an issue here

as cell-culture media and biological fluids each present challenges to the self-

assembly of peptide systems cemented by a small number of non-covalent forces

[39].

There are many other examples of artificial matrices based on fully synthetic,

polymer-peptide and completely peptidic systems, which are not limited by the

stability problems that currently face some of the coiled coil-based systems.

Thus, various designs focused on other structural motifs such as b-structures are

at present at a more-advanced stage of development [58, 59].

2.2.5.2 Synthetic Polymer-Coiled-Coil Hybrids

Coiled coils, whether native or designed, can undergo explicit and drastic stability,

conformational and topological transitions in response to external stimuli (tem-

perature, pH, ionic strength, etc.). In combination with the aforementioned ideas

for self-assembled matrices, coiled coils represent an attractive option for the de-

velopment of responsive suprastructures and materials.

For example, coiled-coil domains have been utilized in the construction of

stimuli-sensitive polymer hydrogels [55–57]. Petka et al. described reversible hy-

Fig. 2.8 Electron micrographs of natural (fibrin) and designed (SAF)

fibers with characteristic band patterns. (A) Fibrin fibers striated with a

repeat of 22.5 nm, (B) and (C) two SAF generations with striations

separated at 5.3 and 4.2 nm, respectively. (Adapted with permission

from Refs. [39, 53]).

2.2 Methods and Examples 31



drogels incorporating self-assembling leucine-zipper sequences [55], the authors’

aim being to design a polymolecular system with two key properties for gel for-

mation. These were: (i) strong interchain interactions of polymers to form junc-

tion points in the molecular network; and (ii) solubility of the chains to allow the

assembled system to swell in water, rather than to precipitate. In addition, a gel-

sol transition was prescribed. The assembly that satisfied these criteria comprised

leucine-zipper units to provide the interchain interactions, and polyelectrolyte do-

mains based on peptide-PEG conjugate; the peptide component of the latter is

based on alanine and glycine to provide water-solubility, but there was no fixed

secondary structure that would allow the formation of a highly swollen hydrogel

(Figure 2.10A). Finally, cysteine residues are included to produce disulfide cross-

links and to provide additional strength to the gels, once formed.

The aforementioned reversibility of coiled-coil formation is postulated to allow

control over gelation and viscoelastic properties. Indeed, by changing pH and

temperature, it is possible to tune the gel-solution transition of the hydrogels

(Figure 2.10A). In addition, the erosion rate of such gels (which is important for

many applications) can be controlled: Shen et al. show that rapid surface dis-

solution is largely attributed to stronger intramolecular coiled-coil interactions

during the formation of networks, and that these can be suppressed by changing

the network topology to provide more-stable materials [56].

Fig. 2.9 Morphologies introduced by different nonlinear special

peptides in the SAF background. (Adapted with permission from Refs.

[13, 41]).
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Wang et al. provide another example of environment-sensitive hydrogels

based on coiled coils [57]. In this design, a tetrameric coiled coil participates in

one side of a transition-metal complex, with a synthetic polymer forming the

other side. The polymers are modified with iminodiacetate groups to provide

partial binding of Ni2þ, while the coiled-coil domains bound the metal via pepti-

dic histidine tags (Figure 2.10B). One particular proposed feature of this hydrogel

system is that the use of metal complexation may open a route to monitoring hy-

drogels in vivo by using, for example, magnetic resonance imaging.

This area of biological-synthetic polymer hybrids is growing rapidly, and offers

the potential for combining the functionality and synthetic accessibility of poly-

mer chemistry with the specificity in structural organization afforded by natural

biopolymers such as peptides [60, 61].

2.2.6

Key Techniques

The promise that coiled-coil motifs hold in advancing materials science and nano-

biotechnology is facilitated by the synthetic accessibility of coiled-coil peptides.

Such sequences are fairly straightforward to prepare, using conventional peptide

synthesis techniques. The most popular protocols fall under the umbrella of the

so-called Fmoc-strategy used in solid-phase peptide synthesis (SPPS) [62]. SPPS

has modest requirements in terms of chemistry, skills and costs, and has already

been developed as a fully automated technique that is readily available to non-

specialists. Automatic synthesizers provide the necessary speed and efficiency for

producing the peptide materials demanded by the rapidly evolving field of nano-

biotechnology. Indeed, today a variety of peptide synthesizers is available com-

mercially which can be matched to suit a range of budgets and requirements

[62]. Nonetheless, other laboratories favor molecular-biology methods established

Fig. 2.10 Reversible hydrogels. (A) A co-polymer of coiled-coil domains

and Ala-Gly-PEG chains self-assembles into extended networks,

resulting in gelation. (B) Hydrogels formed via metal complexation

between coiled-coil domains and polymer chains. (Adapted with

permission from Refs. [55, 57]).
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to produce peptides by the expression of synthetic genes, usually in bacterial

hosts [63].

The characterization of materials produced by these methods involves a combi-

nation of biophysical measurements, imaging, and diffraction techniques. For ex-

ample, liquid chromatography, mass spectrometry, circular dichroism, analytical

ultracentrifugation, electron microscopy, Fourier transform infrared and UV-

visible spectroscopies have all proved to be ‘‘absolute musts’’ in characterizing

peptide-based materials [64]. However, other techniques such as light scattering,

surface plasmon resonance, solid-state NMR and atomic force microscopy are

being used increasingly in the field [64].

2.3

Conclusions and Perspectives

One of the main aims of ‘‘bottom-up’’ assembly is to program chemical struc-

tures with the information necessary for their self-assembly to defined three-

dimensional structures; these may then assemble further into functional entities,

including new materials. As Nature provides the ultimate examples of bottom-up

assembly, we can – by studying natural self-assembling systems – learn from, and

be inspired by, the ‘‘master’’. Among the various biological macromolecules that

self-assemble, polypeptides (peptides and proteins) arguably offer the richest

collection of ordered and functional natural assemblies and materials. Whilst

peptides and proteins are linear polymers of just 20 amino acids, this limited

‘‘chemical alphabet’’ is supplemented in Nature by so-called post-translational

modifications. Moreover, unlike most other polymers, polypeptides fold up repro-

ducibly to well-defined three-dimensional structures and assemblies. Such fold-

ing and assembly processes are governed by non-covalent interactions, which

adds the elements of reversibility and control to the process. Taken together, these

properties make peptides attractive building blocks for synthetic self-assembly

and nanobiotechnology. It should also be noted that the use of peptides here has

the added advantage that they are synthetically accessible, and that this facilitates

their preparation, their functionalization via conjugation with synthetic mole-

cules, and/or the inclusion of nonstandard amino acids.

Although in this chapter we have restricted our view only to peptides, the scope

and achievements of this area are still too large to have been recounted fully. Con-

sequently, we have focused on one peptide-folding motif – the a-helical coiled coil

– which is sufficiently understood to allow both the design and characterization of

self-assembled nanostructures and materials with considerable precision. Nano-

structures and materials constructed thus far using coiled-coil building blocks

include simple oligomerizing systems, nanoscale linkers, molecular switches,

and fibrous and gel-forming materials and networks that bridge the nano-to-

mesoscale regimes. Whenever possible we have referred to related areas such as

studies involving alternative peptide-folding motifs and bio-inspired synthetic
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molecules, though these, regrettably, are described in much less depth than we

would have liked.

Today, there is considerable potential for nanobiotechnological applications of

objects and materials assembled using peptides, ranging from precisely defined

nanometer spacers to the struts and cross-linkers for networks and hydrogels.

Newly emerging and especially interesting areas in this field include the develop-

ment of peptide-polymer hybrids which capture the advantages of both natural

and synthetic polymers, and the design of peptide-based switches for incorpora-

tion into hybrid networks, thus providing the nanobiotechnologist with the ability

to control responses to local environments.
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3

Synthesis and Assembly of Nanoparticles and

Nanostructures Using Bio-Derived Templates

Erik Dujardin and Stephen Mann

3.1

Introduction: Elegant Complexity

The emergence of complexity is a defining feature of our planet. Moreover, com-

plexity is ubiquitous. It is observed in inanimate and animate matter, social sys-

tems and communication protocols, and in diverse environmental networks. In

each case, these systems exhibit at a fundamental level organizational properties

that emerge without the intervention of any distinct organizing agent. This no-

tion provides a formidable challenge for scientists attempting to decipher the gen-

eral and specific processes responsible for complexity, and is a source of deep in-

spiration for those who attempt to shape and organize matter through synthetic

procedures [1]. Over the past few decades, it has been realized that morphologi-

cal, structural and functional complexity is often a defining characteristic of

biomineralization, which generally involves temporally and spatially dependent

interactions between assembling organic scaffolds and inorganic minerals [2].

Fortunately, the overwhelming variety found in biomineralization (and Nature in

general) does not necessarily arise from a cumulative complexity involving exces-

sive complication and layering of increasing numbers of components and net-

works, but rather from an elegant complexity where a limited number of principles

and building blocks are combined in a multitude of ways to produce adaptive and

evolutive structures with precise functions. This second paradigm offers hope

that complexity can also be achieved in synthetic materials if the key concepts

and processes can be distilled from the appropriate biological archetypes. For

complex nanostructures, a good starting point is to develop experimental ap-

proaches based on principles of biomineralization, such as templated nucleation,

growth and directed self-assembly. Thus, in this chapter we illustrate how un-

raveling the specific interactions between bio-derived templates and inorganic

materials not only yields a better understanding of natural hybrid materials

but also inspires new methods for developing the potential of biological mole-

cules, superstructures and organisms as self-assembling agents for materials

fabrication.
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Within the sections of the chapter we describe the use of various types of bio-

related molecules (biopolymers, peptides, oligonucleotides) for the synthesis and

assembly of organized nanoparticle (NP)-based structures and materials (Section

3.2). This is followed by specific highlights of recent investigations demonstrating

the enormous potential for using proteins (Section 3.3), viruses (Section 3.4) and

living organisms (Section 3.5) in bionanomaterials fabrication. Finally, Section

3.6 presents a short outlook and perspective on the future of the research field.

3.2

Polysaccharides, Synthetic Peptides, and DNA

Biopolymers constitute the most abundant organic compounds in the biosphere,

and include several families of biological macromolecules such as polysacchar-

ides, polypeptides and oligonucleotides, which display a wide range of architec-

tures, chemical functionalities and informational contents. Most of these readily

available polymers can be advantageously used for the templated synthesis of

intricate hybrid nanostructures when associated with inorganic mineral phases

such as silica. For example, cellulose-based polysaccharides can adopt various

long-range architectures that can be in-filled or replicated by inorganic mineral-

ization (Figure 3.1). In particular, chains of cellulose-based molecules spontane-

ously order into iridescent cholesteric superstructures, with the consequence

that these ordered mesostructures can be used as templates for the synthesis of

cholesteric organic/inorganic hybrid materials [3]. The hybrid cellulose/silica ma-

terials exhibit optical textures under polarized light and ordered pores in electron

microscopy that indicate that the complex nanometer-scale structure of the poly-

saccharide template is maintained during mineralization. Moreover, removal of

the polysaccharide template then produces a silica replica consisting of systems

of imprinted chiral pores with long-range order (Figure 3.1A). The high degree

of structural imprinting probably arises from specific hydrogen-bonding interac-

tions between the numerous hydroxyl groups of the biopolymer and siloxane pre-

cursors generated from the sol-gel reactions. Similar approaches have been devel-

oped using preformed cellulose NPs isolated from biomaterials such as cotton,

algal membranes, or wood. These NPs are typically in the form of chiral,

spindle-shaped crystalline rods, 5–20 and 100–500 nm in diameter and length,

respectively, and can be ordered into nematic or cholesteric liquid crystals. Such

colloidal suspensions have been used as templates for the synthesis of ordered

mesoporous silica materials (Figure 3.1B) [4]. When the space between rods is

infiltrated with silica precursors, a hybrid cellulose/silica nanocomposite is ob-

tained that retains the co-alignment of the rod template upon silica condensation.

Removal of the template by calcination completes the silicate cross-linking and

results in silica replicas with parallel pores, 10–20 nm in diameter, separated by

10 nm-thick walls (black arrows in Figure 3.1B). Such pore systems are substan-

tially larger than the voids associated with many mesoporous silicas produced by

surfactant- or block copolymer-mediated synthesis.
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Recent studies have utilized structural and chemical modifications of biological

polysaccharides to prepare hybrid nanostructures. For example, Schizophyllan, a
natural fungal poly-b-(1-3) glucose with one b-(1-6) glucose side chain every third

main-chain glucose (Figure 3.1) has been used as a template for the synthesis of

one-dimensional silica nanostructures [5]. When a dimethylsulfoxide solution of

this polysaccharide is gradually enriched in water, Schizophyllan self-assembles

into a triple helix with a hydrophobic inner cavity that sequesters alkylsiloxane

molecules with the result that silica nanofibers (Figure 3.1C) or chains of silica

NPs, depending on the ageing conditions, are produced. Other studies have

used scaffolds based on b-chitin (Figure 3.1), which is a homopolymer of N-acetyl-
d-glucos-2-amine (i.e., cellulose with one hydroxyl group on each monomer re-

placed by an acetylamino group that provides increased hydrogen bonding be-

tween adjacent polymer strands and increased material strength). In particular,

the b-chitin matrix associated with the calcified cuttlebone of the cuttlefish (Sepia
officinalis) was isolated by demineralization of the shell to produce an intact

Fig. 3.1 Complex silica architectures from

cellulose templates and derivatives.

(A) Porous silica from templated cholesteric

solutions of hydroxypropylcellulose. Figure

reproduced with permission from Ref [3].

(B) Mesoporous silica from templated chole-

steric liquid crystal suspension of cellulose

nanorods. The black arrows indicate 10 nm-

thick parallel silica walls separating 10- to

20-nm-diameter cylindrical pores [4]; figure

reproduced by permission of The Royal

Society of Chemistry. (C) Silica nanofibers

from replica of inner cavity of Schizophyllan

triple helix [5]; figure reproduced by

permission of The Royal Society of Chemistry.

(D) Ordered chamber-like macroporous b-

chitin-silica structure by mineralization of

cuttle bone organic matrix. Figure reproduced

with permission from Ref. [6]; 8 2000,

American Chemical Society.
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organic chamber-like macroporous framework that could be readily infiltrated

with silica precursors to form an architecturally complex chitin/silica composite

(Figure 3.1D) [6].

The above examples of using polysaccharide templates in nanostructure

synthesis and fabrication highlight how a variety of complex morphologies

can emerge by directed mineralization of closely related bio-derived templates.

Clearly, a wealth of other biomolecule families exists that can potentially be used

to generate organic/inorganic composites with well-defined structures in the

nanometer to micrometer range. It should also be emphasized that silica is only

one among a multitude of potential inorganic materials to be templated by bio-

molecules. For example, self-assembled peptide nanotubes act as direct molds

for the casting of continuous metallic nanowires in their inner cavity [7], or as

one-dimensional templates for the nucleation of aligned calcium phosphate

crystals resulting in bone-like hybrid materials [8]. DNA is yet another type of

biopolymer with a high information content that can be considered as a biomo-

lecular template, in particular for the growth of metallic nanowires [9, 10]. This

topic has been recently reviewed in detail [11, 12].

Specific chemical functionalities borne by biopolymers not only act as nuclea-

tion promoters or habit modifiers during growth but also encode information

driving the self-assembly of hybrid nanostructures. Polypeptides and DNA are

probably among the most promising biopolymeric templates for achieving

higher-order, self-assembled architectures. In this respect, recent achievements

in the development of peptide nanotubes and their use as templates are very sig-

nificant for future nanobiotechnological applications [13]. Cyclic d,l-polypeptides

can be triggered to self-assemble into long nanotubes with uniform diameters

typically around 1 nm, with specific chemical moieties on the outer and inner

surfaces of the architecture. However, extending this approach to tubes of larger

diameters or non-alternating peptide sequences is limited principally by the

molecular design inherent in the cyclic building blocks. In contrast, the self-

organization of linear polypeptides composed of polar and non-polar blocks re-

sults in tubular structures typically with diameters of the order of 10 nm. More-

over, the morphology of these tubes can be significantly modified by introducing

rigid or flexible monomers, and the desired polypeptide structure chemically

functionalized by incorporating binding sites with high affinity for specific mate-

rials. For example, the use of sequences such as the histidine-rich HRE domain

AHHAHHAAD, for gold [14], and HGGGHGHGGGHG or NPSSLFRYLPSD for

copper [14] or silver [15, 16] deposition, respectively. Upon exposure to metal

ions, and in the presence of a reducing agent, these templates are completely cov-

ered with self-assembled monodispersed metallic NPs. Significantly, a very recent

report has demonstrated that highly regular, single-particle linear chains of 10 nm

Au NPs could be produced by templating HRE-tagged peptide nanotubes [17].

The very rich library of peptide structures is only just now beginning to be

explored with respect to the potential of designing polypeptide templates for the

synthesis and self-assembly of organic/inorganic nanostructures. Moreover, this

approach has the advantage of integrating morphological complexity [18, 19]
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with biocompatibility and bioactivity of the obtained architectures [20]. However,

one shortcoming of polypeptide templates could be their relatively low level of ad-

dressability which, if not circumvented practically, would confine these materials

to static rather than evolutive structures. In contrast, DNA has been studied ex-

tensively over the past decade as it provides an external stimulus via denaturation

of the double strand upon heating. Indeed, DNA can act as a polyelectrolyte for

the self-assembly of charged NPs by simple electrostatic interactions [21], but in-

creasing control over the self-assembled structures has been achieved by cova-

lently tethering DNA to NPs. The cornerstone of DNA-based NP self-assembly

was established in 1996, when thiol-terminated oligonucleotides grafted onto gold

NPs were shown to induce reversible aggregation, provided that two populations

of gold colloids were derivatized with two different strands, mixed together, and

that a free strand which was half-complementary to both of them was introduced

into the mixture [22, 23]. Reversibility was achieved upon heating above the melt-

ing temperature of the three-strand double helix. The original aggregates were

isotropic and compact, but several developments of this approach have led to in-

creased complexity. Topological complexity was explored – first conceptually and

lately experimentally – by N.C. Seeman and coworkers (for basic principles, see

Ref. [24]). This group focused on the design and production of double-strand

(ds) DNA building blocks able to pave a flat surface and even to self-assemble

into precise geodesic three-dimensional nano-objects [25, 26]. By an appropriate

choice of the base sequence, it was possible to attach gold NPs to a selected sub-

set of DNA tiles, thus converting the two-dimensional ordered DNA structure

into a template for the assembly of an ordered array of metallic NPs with specific

symmetry [27].

Symmetry breaking in DNA-NP systems can alternatively be achieved by choos-

ing non-spherical NPs. Oligonucleotide-functionalized gold nanorods with an as-

pect ratio of 5:1 showed large-scale uniaxial organization upon hybridization, and

thermal reversibility of the aggregation was achieved when a direct two-strand

duplex was immobilized on the nanorod surfaces [28]. Recently, we showed that

these self-organized ensembles could also attain functional complexity, which is a

key feature for future technologically relevant systems. For example, 100-nmmeso-

porous silica NPs were reversibly conjugated to 13 nm-sized gold particles via a

three-strand duplexation process (Figure 3.2A) [29]. The two building blocks not

only have significantly different sizes but, more importantly, have very differing

chemical and physical properties. Whereas the mesoporous silica NPs can act

as a reactant reservoir, adsorbate or pH adjustable surface for heterogeneous ca-

talysis, the metallic NPs are potential catalysts or microwave-triggered localized

heating elements [30]. In principle, the integration of several functionalities in

DNA-linked hybrid nanostructures could lead to nanoreactors coupled to several

reconfigurable shells of different metallic NPs that collectively enable a cascade of

reactions to be undertaken on the molecules pre-loaded in the pore. We investi-

gated the concept of self-assembled, reconfigurable, multilayered nanostructures

by successively attaching a biotinylated derivative of the iron oxide-containing

protein, ferritin, onto carbon nanotubes, followed by linking gold NPs to the
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ferritin layer via a streptavidin/ds-DNA linker (Figure 3.2B) [31]. It was shown

that the biomolecular bridging groups could be independently and reversibly bro-

ken to allow a sequential dismantling of the nanotube/ferritin/Au NP structure.

Since the dissociation stimuli and dissociation constants between DNA duplexes

and protein complexes are very different, the increased complexity in the carbon

nanotube system resides not only in the types of self-assembled NPs but also in

the concomitant use of different self-assembling agents. Of course, formation of

isolated complex nanostructures is not the sole goal of this strategy; for example,

DNA-coupling of two, or more, distinct nanoscale components can also lead to

extended networks incorporating several properties, as shown recently by cross-

linking of gold NPs and ferritin molecules though DNA base pairing [32].

3.3

Proteins

Proteins exhibit chemical properties similar to those of other polypeptides, but

are distinguished in most cases by a precise three-dimensional (3D) folded struc-

ture and associated functional specificity. Thus, certain amino acids are exposed

to the external medium and can act as binding sites for the positioning of specific

ligands across a well-defined nanoscale platform. In this respect, proteins are

major candidates for the templated growth of nanomaterials, and in addition can

be viewed as highly evolved structuring agents for higher-order assembly of ex-

tended superstructures across a range of length scales. In some cases, protein

Fig. 3.2 Functional complexity in DNA-driven

nanoparticle self-assembly. (A) Mesoporous

silica/gold nanoparticle conjugates with

satellite structure. Figure reproduced with

permission from Ref. [29]. (B) Multilayer self-

assembled architecture composed of carbon

nanotubes, ferritin and gold nanoparticles as

inorganic building blocks and double-strand

DNA duplex and streptavidin–biotin as

biomolecular mortars [31]; figure reproduced

by permission of The Royal Society of

Chemistry.
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superstructures in the form of hierarchical architectures (collagen in bone), struc-

tured gels (amelogenins in teeth), and complex macromolecular frameworks

(acidic proteins in seashells) are intimately associated with the deposition of com-

plex and functional biominerals. This close interplay between proteins and inor-

ganic nucleation and growth involves specific interactions at the nanometer

length scale, and suggests that proteins extracted from biomineralized tissues

could act as templates in the controlled synthesis of NPs in the laboratory. For ex-

ample, it was shown recently that a mixture of proteins extracted from the fluo-

roapatite shell of the brachiopod Lingula anatina resulted in promotion of the in-
vitro crystallization of this mineral when added to buffered calcium phosphate/

fluoride metastable solutions. Regularly shaped nanocrystals were obtained be-

cause the proteins promoted the dissolution of amorphous calcium phosphate

precursor NPs and appeared to induce the local ordering of fluoroapatite crystals

[33].

Although generally considered within the context of promoting inorganic

NP nucleation and growth or assembly, recent studies have exploited the favor-

able and specific interactions between the exposed amino acids of proteins

and mineral surfaces to achieve the converse process in which individual protein

molecules are stabilized by entrapment within ultrathin coatings of certain inor-

ganic-based materials. This approach was demonstrated by wrapping myoglobin

(Mb), hemoglobin (Hb) or glucose oxidase (GOx) with an ultrathin shell of

aminopropyl-functionalized magnesium (organo)phyllosilicate (Figure 3.3A,B)

[34]. The organoclay was exfoliated in water, and the disintegration yielded

cationic oligomers that could be purified into stable sols. Simple electrostatic in-

teractions between anionic peripheral moieties of the proteins and organoclays

oligomers produced spheroidal core-shell hybrid NPs with diameters around 4, 8

and 6.5 nm for Mb, Hb and GOx, respectively. Significantly, the proteins and en-

zymes were shown to remain intact both structurally and functionally after en-

trapment. Similarly, a more generic protocol was developed by isolating individ-

ual proteins (Mb, Hb) within the water droplets of a microemulsion prepared in

the presence of an oil phase that contained silica precursors such as tetramethoxy-

silane that readily hydrolyze when they come in contact with the nanoscale

water droplets [35]. Thus, mineralization occurred at the water/oil interface and

produced a 2- to 3 nm-thick amorphous silica shell that preserved the protein

structural integrity. At low protein loadings, individual 9-nm core-shell NPs were

obtained, whereas colloidal aggregation was observed at high protein loading, re-

sulting in 20-nm raspberry-like clusters of coated proteins.

The protein/mineral core-shell nanostructure of the above examples can be

inverted by using a hollow protein cage such as the iron storage protein, ferritin,

as nanoreactors for producing a mineral core. Ferritin is composed of 24 polypep-

tide subunits forming a hollow spherical cage that is perforated by two types of

ion channel. In living organisms, this structure is optimized to store and release

iron. Ferritin was the first protein to be used as a biomimetic template for the

synthesis of monodispersed hybrid inorganic NPs [36, 37]. The general route con-

sists of isolating the empty protein shell (apoferritin), re-loading it with chosen
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precursors, and subsequently inducing inorganic precipitation specifically within

the 8 nm-diameter cavity. This approach produced a range of artificial ferritins

with metallic, semiconductive and magnetic core structures [38]. Careful control

of the mineralization steps can even lead to a fine-tuning of the filling fraction of

the ferritin cavity. Indeed, a thin and continuous coating of the inner wall or com-

plete filling of the ferritin cavity was successively demonstrated recently for cobalt

oxide [39]. A similar approach has been applied to other proteins with spherical

cage morphology such as lumazine synthase [40], the ferritin-like protein from

Listeria innocua [41], or the heat shock protein from Methanococcus jannaschii
[42, 43]. The native protein shells are usually suitable for the growth of only a

Fig. 3.3 Organizational complexity in

protein-templated bioinorganic

nanostructures. (A) Schematic and (B)

transmission electron micrograph (TEM) of

individual organoclay-wrapped myoglobin.

Figures reproduced with permission from

Ref. [34]. (C) Transmission electron

micrograph of 10-nm-wide metal-coated

amyloid fibers obtained by self-assembly of

a prion determinant from Saccharomyces

cerevisiae, the N-terminal and middle region

(NM) of Sup35p. (D) Atomic force

micrograph of gold-toned NM fibers. Growth

of 1-D gold nanowires by successive silver

and gold electrodeless plating occurs only

where the protein fiber template has initially

been labeled by binding 1.4-nm gold colloid

(arrows). Figures reproduced with permission

from Ref. [45]; 8 2003, National Academy

of Sciences. (E,F) Chaperonin/gold

nanoparticles conjugates. (E) Schematic of a

17-nm chaperonin protein decorated with

nine 1.4-nm gold nanoparticles tethered to

the protein subunits. (F) TEM image of a

2-D crystal of chaperonin/gold colloid self-

assembled nanostructures. Figures

reproduced with permission from Ref. [51];

8 2002, Macmillan Publishing Ltd.
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limited number of materials, so that chemical modification of the peptide sub-

units is required to expand the potential of this approach to a wider range of in-

organic materials. Consequently, site-directed mutagenesis (see Section 3.4) is

now being more readily applied to modify the peptide sequence in order to favor

the intake of different inorganic precursors [43], or to promote the interaction of

the mineralized protein with a given substrate while keeping the cage structure

intact [44].

Significantly, protein-templated nanostructures are not necessarily restricted

to spherical (isotropic) morphologies. In particular, proteins that form highly

anisotropic superstructures such as microtubules or amyloid-type fibers have

been identified as potential templates for the preparation of one-dimensional

inorganic-organic hybrid nanostructures. For example, the N-terminal and

middle region (NM) of a yeast (Saccharomyces cerevisiae) protein precisely forms

b-sheet-rich amyloid fibers with a diameter of 9–11 nm (Figure 3.3C) [45]. These

fibers are chemically stable, do not aggregate as readily as other amyloid fibers,

and can be chemically modified by site-directed mutagenesis, as shown by studies

in which genetically engineered NM domains containing a cysteine residue were

successfully self-assembled into fibers and used as a template for the production

of metallic Ag/Au nanowires with diameters of about 100 nm (Figure 3.3D).

In addition to one-dimensional superstructures, certain proteins spontaneously

assemble into 2-D planar arrays that can be used for replication and patterning of

inorganic NPs. Bacterial surface proteins, for example, are known to form stable,

ordered arrays called S-layers that exist in a range of 2-D symmetries with lattice

constants between 3 and 30 nm and are of 5–15 nm in thickness. The proteins

self-organize into lattices with periodic pores with diameters between 2 and 6 nm

[46]. When anchored on a substrate and exposed to ionic precursors (e.g., Cd(II)),

the S-layer films selectively bind ions at specific locations of opposite charge, and

nucleation is triggered at these sites when the layers are incubated with a second

reactant (e.g., H2S) [47]. This results in the direct formation of ordered 2-D arrays

of NPs, such as CdS, with the interparticle distance determined by the underlying

S-layer symmetry. Similarly, electron beam-induced reduction of metal precursors

chemisorbed onto modified S-layers has been used to produce ordered NP arrays

[48]. In principle, an extension of these approaches to a wide variety of materials

should be relatively straightforward, as chemical modification of the S-layer pro-

teins is well known. Alternatively, the charged surface of the crystalline S-layer

superstructure can be used specifically to bind pre-formed inorganic NPs of oppo-

site charge to produce extended arrays of periodically arranged NPs [49]. Perfect

matching persists only as long as the NP diameter is smaller than the S-layer film

lattice parameter. A more specific recognition process between protein arrays and

pre-formed NPs can be obtained based on the strong binding affinity between

streptavidin and biotin by derivatizing the S-layer proteins with streptavidin and

inorganic NPs with biotin [50].

A similar approach has been described involving chaperonins, which comprise

hollow double-ring structures composed of several heat shock proteins (HSP)

in the form of 17 nm-sized aggregates that spontaneously self-assemble into 2-D
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crystals in a similar fashion to S-layers [51]. Chaperonins were genetically engi-

neered to promote the self-assembly of metallic or semi-conductor NPs in two

distinct ways. When a cysteine residue was placed at various solvent-exposed

HSP sites, the corresponding chaperonins possess a ring of binding thiol sites

with high affinity for gold or zinc. Size-selective binding of pre-formed 5G 3

nm-sized NPs was observed, with chaperonins grafted with a 3-nm ring of thiols

Similarly, chaperonins with a 9-nm binding ring specifically ordered 10G 2 nm

Au NPs, but not those with diameters of 5 nm or 15 nm. Similar templated arrays

were obtained with core-shell CdSe-ZnS quantum dots, thus confirming the bind-

ing of the zinc-rich inorganic surface to exposed chaperonin thiols. Alternatively,

very small gold NPs (1.4 nm) were covalently tethered to mutated HSP isolated

subunits and self-assembly of the NP-loaded HSP then induced by the addition

of ATP/Mg2þ to produce 2-D crystals of chaperonins in which each organized

ring consisted of up to nine Au NPs around the pore perimeter (Figure 3.3E,F).

Finally, besides acting as a patterned host for NP deposition within self-

assembled 2-D or 3-D architectures, proteins can play a direct structuring role in

biomolecule-NP conjugates. This was demonstrated initially for metallic NPs

coated with complementary antigen and antibodies [52], as well as streptavidin

and biotin [53]. Proteins have also been used simultaneously as both the building

unit and structuring agent; notably, the use of streptavidin to control the aggrega-

tion of biotinylated ferritin molecules and their associated superparamagnetic

iron oxide NPs [31, 54].

Considering the ease with which proteins can be tailored and modified to opti-

mize specific interactions with given materials, and the robustness of their fold-

ing and self-assembling properties, one can reasonably anticipate that proteins

will provide an expanding toolbox for both directing the spontaneous organiza-

tion of NPs into larger ordered structures, and conferring hybrid conjugates

with multiple functionalities such as biocompatibility, chemical specificity, and

responsiveness.

3.4

Viruses

Viruses occupy the frontier between inanimate and living matter. These complex

adaptive structures represent the natural extension and integration of protein and

biopolymer (RNA/DNA) self-assembly. Approximately 1000 viruses were identi-

fied between 1885 – when the rabies virus was first identified by L. Pasteur –

and 1986. Since then, the number of types documented has greatly increased to

more than 6700 in 2006, though this probably accounts for less than 1% of exist-

ing viruses. This vast diversity strongly suggests that the development of a few

basic principles and methods for the use of viruses in nanomaterials science will

open up countless opportunities for generating increasing complexity in synthetic

architectures. Indeed, from the materials chemist’s point of view, viruses can be

considered as protein superstructures that offer ready-to-use chemical platforms
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with precisely defined topology, symmetry, and morphology. For example, spheri-

cal viruses such as chlorotic cowpea mottle virus (CCMV), bovine papillomavirus

or herpes simplex virus (HSV) protect their genetic material by enclosing the nu-

cleic acid strand within protein cages with diameters of 26, 65, or 125 nm, respec-

tively. Filament or rod-shaped viruses either produce a long, thin protein enclo-

sure to contain the plasmid DNA (e.g., bacteriophage M13), or coil a RNA strand

within a helicoidal protein nanotubule, as exemplified by tobacco mosaic virus

(TMV).

Following a protocol reminiscent of the mineralization of apoferritin, one can

remove the RNA strand from the cavity of CCMV and purify the empty icosahe-

dral virion. The resulting highly cationic inner surface consists of 1080 arginine

and 540 lysine groups that facilitate the intake of anionic precursors such as

aqueous tungstate ions which, on acidification, aggregate into polyoxotungstate

NPs entrapped within the CCMV cavity [55, 56]. However, the mineralization of

CCMV using cationic precursors is not readily achieved due to unfavorable elec-

trostatic interactions, and other viruses may offer better flexibility. For example,

TMV is constructed from 2130 identical coat proteins aligned along a right-

handed RNA helix to produce a 300 nm-long cylinder with an 18-nm outer diam-

eter and a 4-nm inner cavity. This complex object is nontoxic to humans and is

readily produced in identical copies by infecting tobacco plants. A closer analysis

of the spatial distribution of amino acids within the coat protein structure reveals

that TMV can act as a flexible template for inorganic mineralization and NP as-

sembly due to the presence of surfaces with opposite charge distributions. Gluta-

mic and aspartic acids (pKa values 1–3 and 6–8, respectively) predominantly line

the inner surface, whilst lysine and arginine (pKa values 11 and 12.5, respec-

tively) are mostly found on the exposed outer surface and in the RNA groove, re-

spectively [57]. When incubated at pH < 3, the cavity can be considered as neu-

tral, whereas the outer surface is highly positively charged. Thus, the selective

binding of anionic precursors such as AuCl4
� or PtCl4

� to the outer surface, fol-

lowed by reaction with a reducing agent (hydrazine), resulted in the formation of

virioids decorated specifically with dense arrays of metal NPs (Figure 3.4A,B) [58].

Similarly, uniform coatings of iron oxides, cadmium or lead sulfide or silica were

produced on the external surface of TMV particles [57]. Conversely, at neutral pH,

the outer amino acid moieties are positively charged, whereas those in the inner

cavity are highly anionic. Under these conditions, the binding of Ag(I) ions along

the internal channel is enhanced such that photochemical reduction resulted in

the formation of linear arrays of metallic 4 nm-sized silver NPs within the TMV

cavity [58]. The above principles were applied to produce metallic nanowires with

diameters defined by the cavity size [59, 60]. First, TMV-attached palladium NPs

were produced from [PdCl4]
� ions adsorbed on the outer surface at pH 3. Subse-

quently, increasing the pH to 7 resulted in infiltration of the inner cavity with

nickel or cobalt ions, which were reduced in situ by the redox reaction between

Pd(0) and Ni(II) or Co(II). Although the mechanistic details of this second step

are unclear, it seems that dissolution of the Pd catalyst from the outer surface

was coupled to the constrained growth of continuous metallic nanowires inside
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the cavity, with diameters precisely matching the available 4-nm space of the

inner channel.

As viral-directed mineralization is strongly influenced by the nature of the

amino acid side groups located at specific symmetry-related sites in the as-

sembled viral capsid superstructure, chemical derivatization, directed mutagene-

sis or evolutionary pressure at these sites can result in reproducible modifications

designed for non-biological purposes. For example, CCMV consists of 180 identi-

cal protein subunits, each of which contributes 11 carboxylate and seven amino

moieties to the outer surface of the virus. Fluorophores or oligopeptides have

been coupled by direct esterification to the exposed glutamate and aspartate resi-

dues, or to lysine residues after activation by a succinimidyl ester intermediate

[61]. Similarly, thiol-selective chemical agents (e.g., ethyl mercury phosphate or

Fig. 3.4 Virus/nanoparticle architectures

with morphological and functional

complexity. Low- (A) and high- (B)

magnification TEM micrographs showing

wild-type TMVs with dense external coating

of gold nanoparticles. Inset: corresponding

energy-dispersive X-ray (EDX) spectrum

showing Au (and Cu from supporting grid)

signals. Figure reproduced with permission

from Ref. [58]; 8 American Chemical Society.

(C) Cut-away view of a ribbon diagram of

the cowpea chlorotic mottle virus showing

the central cavity of the protein cage.

(D) Superimposed iron (yellow) and nitrogen

(blue) electron energy-loss spectrum images

of iron oxide-filled CCMV (common scale bar

at bottom is 33 nm). The compositional

maps clearly show that the mineral core is

contained within the protein shell. Figure

reproduced with permission from Ref. [65].

(E,F,G) Unstained TEM images of gold

nanoparticles bound to isolated mutant

CPMV virus (left) and corresponding models

(right). (E) The BC mutant can accommodate

one 5-nm gold nanoparticle per fivefold axis.

(F) The EF mutant offers five accessible

binding sites for each of the twelve fivefold

axes. (G) Forty-two of the 120 possible sites

of the DM mutant are observed to be

occupied by 2-nm nanoparticles. Figure

reproduced with permission from Ref. [74];

8 American Chemical Society.
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5-maleimidofluorescein) were used to derivatize cysteine sites in wild-type cow-

pea mosaic virus (CPMV) [62]. This technique was extended to the covalent cou-

pling of entire proteins to cysteine or lysine residues of the CPMV interior by de-

rivatizing them with the appropriate ditopic crosslinker [63]. A single tyrosine

site per protein subunit of the icosahedral virus, bacteriophage MS2, was also tar-

geted to develop a new chemical protocol for the covalent modification of the

inner surface of the viral cage [64].

Site-directed mutagenesis is a powerful tool that has been extensively developed

for biomolecular research, and which is now being increasingly used in bio-

templated materials chemistry. By using this technique it is possible to modify

the amino acid sequence – and hence the chemical properties of the protein –

while preserving the tertiary structure of the polypeptide subunits and higher-

order self-assembly of the virus superstructure. For example, site-directed replace-

ment of glutamate 95 and aspartate 109 residues of the TMV subunit with un-

charged polar amide side significantly reduces the anionic charge associated

with the 4 nm-wide inner channel of the virus particles. As the reduction by two

negative charges is repeated for each of the 2130 polypeptide subunits present in

the assembled virus, metal-ion binding within the inner channel is curtailed. As a

consequence, the specificity for Ag NP nucleation within the TMV channel as de-

scribed above for the native virus is significantly diminished [58]. Other studies

have used extensive site-directed modifications to produce mutants with charge-

reversed viral surfaces. For instance, the interior surface of wild-type CCMV is

lined with 1620 protonated amino groups (six Arg and three Lys for each of the

180 coat proteins) to package and condense the anionic RNA viral genome, and

replacement of the nine basic residues with one glutamic acid produced a mutant

with 180 anionic sites on its cavity wall without affecting self-assembly of the vi-

rus architecture (Figure 3.4C). In contrast to wild-type CCMV, this mutant se-

questered cationic precursors such as FeII ions, which were successfully trans-

formed by air oxidation into 25 nm-sized iron oxide NPs within the virus cage

(Figure 3.4D) [65]. Genetic engineering has also been used to insert extra peptide

sequences in targeted proteins. For example, peptide sequences known to favor

the mineralization of ZnS, such as Cys-Asn-Asn-Pro-Met-His-Gln-Asn-Cys or

Val-Ile-Ser-Asn-His-Ala-Glu-Ser-Ser-Arg-Arg-Leu, or CdS (Ser-Leu-Thr-Pro-Leu-

Thr-Thr-Ser-His-Leu-Arg-Ser), were inserted in the coat protein pVIII of M13 bac-

teriophage using the relevant gene in the phage genome [66]. The incubation of

mutated M13 viruses with zinc or cadmium chloride, followed by exposure to

aqueous Na2S, resulted in the selective formation of densely packed crystalline

ZnS or CdS NPs on the elongated viral capsid that, in some cases, could be fused

into nanowires. Semiconducting hybrid ZnSaCdS or magnetic CoPt NPs, as well

as FePt 1-D NP assemblies that could be transformed into freestanding crystalline

nanowires upon thermal annealing, were also prepared using this approach [67].

Clearly, the control of genetic engineering techniques provides a powerful tool

to modify or expand the peptide sequences of viral coat proteins in order to pro-

mote interactions with target materials. This approach not only facilitates the

nucleation of selected materials at specific locations on the virus surface, but can

3.4 Viruses 51



also be used to transform viruses into encoded templates for the controlled self-

assembly of pre-formed NPs. Indeed, the phage display technique can be used

to identify peptide sequences that promote interactions with specific crystallo-

graphic faces of chosen metals, semiconductors, oxides, etc. [68–70]. This process

is an accelerated Darwinian evolution of the initial phage population under the

constraint of adhesion to the selected material. Briefly, this involved generating

M13 bacteriophage libraries that contained random sequences of the gene encod-

ing for protein III (pIII), which are located at one end of this filamentous virus.

The phage was then exposed to a target material, after which the non-interacting

individuals were removed by washing and the interacting ones were collected by

elution under specific unbinding conditions (e.g., controlled pH). The latter were

then multiplied by bacterial infection and re-exposed to the target material. This

selection/elution/amplification cycle was repeated a number of times until DNA

sequencing showed a limited number of pIII gene sequences that were highly

specific for the inorganic material (e.g., ZnS) under consideration [66, 71]. Re-

suspension of the selected evolved phage, for example in Zn(II)/HS� solutions,

promoted the deposition of monodispersed ZnS nanocrystals specifically at the

pIII end of the phage particles. Moreover, owing to the large aspect ratio of phage

M13, concentrated solutions of the phage pack into a smectic C liquid crystalline

phase that was still observed when NPs were attached to the ends of the virus,

even in M13 dried films [72]. This property was exploited to form highly ordered

3-D structures of hybrid phage-ZnS components that were cast as a film which

exhibited a high degree of ordering, with layers of M13 intercalated with planes

of ZnS NPs. The above-described approach was significantly generalized by se-

lecting a phage library against streptavidin (STV) in order to identify a peptide se-

quence able to selectively bind to any STV-conjugated NP [73]. Furthermore, by

combining templated growth on engineered pVIII capsid proteins and binding

NPs with designed pIII end sequences, it was possible to use M13 bacteriophage

as a dual platform for the integration of two different nanomaterials while pre-

serving the ability of the virus to self-assemble.

Increasing the regioselectivity of viral-templated nucleation and assembly of in-

organic NPs necessitates that the surface distribution of certain key amino acids

is highly precise. Recently, the accurate positioning of NPs on designed sites was

demonstrated for the icosahedral CPMV virus [74, 75]. Wild-type CPMV was ge-

netically engineered to present cysteine residues at selected positions on the outer

surface. A first mutant (BC) had a single cysteine added to each protein subunit

at a location very close to the fivefold symmetry axis, while another mutant (EF)

had a single cysteine inserted per subunit as a GGCGG loop, such that the overall

intercysteine distances were in the range of 7–8 nm. A third mutant (DM) had

two cysteines replacing two exposed alanine and glutamic acid residues. Simple

geometrical considerations indicated that, whereas only one or two 5 nm-sized

gold NPs can bind per axis in the BC mutant (Figure 3.4E), the NPs can readily

access all 60 binding sites in the EF mutant (Figure 3.4F). The DM mutants were

specifically decorated using 2 nm-sized gold NPs that self-positioned at po-

tentially all the 120 cysteine sites (Figure 3.4G). For the EF and DM viruses, the
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NP-positioning accuracy could be probed by bridging them with rigid dithiolated

conjugated molecules and subsequently observing the hybrid nanostructures by

scanning tunneling microscopy [75]. In the absence of bridging molecules, or

when the molecular length was smaller than the inter-particle distance, indi-

vidual NPs could be distinguished on the surface of CPMV due to the increased

conductance at the metallic NP sites. When adequate bridging molecules were

added, the high-conductance patterns extended over areas much larger than

isolated NPs, indicating that the conjugated molecules and NPs had created a

conductive network that behaved as large high-conductance domains. More re-

cently, five CPMV mutants were produced with six histidine residues at different

surface-exposed locations [76]. This resulted in a pH-dependent charged environ-

ment at specific sites on the virus outer surface that could bind metal ions

such as Ni(II). Using linkers terminated by an amine triacetate nickel complex

(Ni-NTA), these histidine sites could be decorated with gold NPs [76], as well as

luminescent CdSe-ZnS quantum dots [77].

Virus particles have also been used to direct the self-assembly of nanostructures

by acting as a platform comprising site-specific ligands for antibody-induced

binding of capped NPs. For example, HSV and adenovirus (ADV) induced the ex-

tended assembly of dextran-coated magnetic particles functionalized with anti-

HSV or anti-ADV antibodies [78]. T2 nuclear magnetic resonance relaxation time

measurements on the assemblies proved to be a rapid and very sensitive detection

method for as few as five viruses per 10 mL aliquots, which is a major improve-

ment compared to the relatively slow polymerase chain reaction-based method

for viral detection.

Higher-order levels of complexity can be achieved using virus-based self-

assembly of NPs, provided that the superstructures of the viral particles can be

readily attained. Viruses with more regular shapes – such as TMV or CPMV –

can even order into porous macroscopic crystals. Concentrated TMV dispersions

in the form of nematic liquid crystals have been exploited to spatially pattern the

deposition of meso-structured silica [79]. The concentrated solutions consisted of

closely packed hexagonally ordered bundles of co-aligned TMV particles that were

subsequently infiltrated with silica precursors such as reaction mixtures of 90%

tetraethoxysilane (TEOS) and 10% aminopropyltriethoxysilane (APTES) at slightly

alkaline pH. Using gentle, close-to-neutral conditions allowed the hydrophilic re-

action mixture to infill with high fidelity the voids between adjacent TMV par-

ticles, with the consequence that extensive silica condensation occurred through-

out the interstitial spaces of the virus liquid crystal. Removal of the virus particles

by thermal degradation produced a unique form of mesoporous silica with hexa-

gonally ordered straight cylindrical pores with diameters of around 11 nm and a

wall thickness of 10 nm. In the case of CPMV, a body-centered cubic crystal is

obtained with large cavities and channels between capsids that amount to 50%

of the total volume. By analogy to earlier studies on inverse opal or replication of

sea urchin skeletons, these crystals can be infiltrated with mineral precursors in

order to fill the voids. This concept has been successfully demonstrated for metal-

lic palladium and platinum [80]. More complex assemblies can be constructed by
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combining the DNA-driven self-assembly of nano-objects described in Section 3.2

with oligonucleotide-functionalized viruses. Following this concept, CPMV was

derivatized with both a fluorescent tag and DNA single strand, and aggregation

was obtained by adding a free complementary DNA strand to a mixture of two

virus populations bearing different dyes [81]. Electron microscopy, fluorescence

resonance energy transfer (FRET) measurements and DNA melting experiments

proved that the two types of virus alternated within the extended aggregates,

which could also be reversibly disassembled. Finally, chemical modifications of

virus coat proteins have been exploited to create CPMV self-assembled nano-

patterns on solid surfaces by Dip-Pen nanolithography [82, 83].

The above examples clearly indicate that virus-based approaches in nanobio-

technology constitute a very versatile and yet highly specific toolkit through the

application of relatively simple concepts, using just a few available templates [84].

They also specifically illustrate how biological technologies and principles can

help to develop an innovative approach to bio-derived nanomaterials chemistry.

The full potential of this approach necessitates the use of a wider range of viral

templates and the extension of this strategy for the preparation of functional

virus-NP conjugates that exhibit evolutive, adaptive and self-replicating proper-

ties. Increased complexity and functionality can also be attained in bioinorganic

nanosystems by replacing the viral templates with living cells and cellular super-

structures. This rapidly emerging field is the focus of the following section.

3.5

Microorganisms

Biomineralization by living organisms is an essential part of the chemistry of life,

and is a major source of inspiration in biomimetic materials chemistry [2]. In

addition, the synthetic mineralization of cellular superstructures and living/dead

organisms (mineralized biology) is making a significant impact in advancing the

synthesis of functional materials and composites in the laboratory [85]. Consider-

ing typical cell sizes, living species are well suited for structuring inorganic nano-

scale building blocks across the micron and sub-micron length scales. As silica

condensation in water represents a mild but versatile process, it is often used as

a test system to develop the mineralization of new biotemplated synthesis. For ex-

ample, threads of co-aligned multicellular bacterial filaments of Bacillus subtilis
were infiltrated with either amorphous silica NPs or with pre-hydrolyzed siloxane

reaction solutions directly after pulling from a web culture [86]. The minerali-

zation of the inter-filament spaces produce hybrid threads consisting of close-

packed cells embedded in a continuous silica matrix. Moreover, removal of the

bacterial template by heating produced mesoporous silica fibers in the form of

precise replicas of the bacterial thread superstructure.

Numerous recent reports have exploited biological processes associated with

the deposition of inorganic NPs as environmentally benign routes to materials

synthesis. For example, the ability of many microorganisms to induce the forma-
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tion of metallic or metal oxide NPs by redox processes involving aqueous ions

and complexes has attracted significant interest [87]. Indeed, reduction of the

metal ions is sometimes coupled to respiration through the associated oxidation

of organic molecules, thereby replacing aerobic metabolism based on dioxygen

[88]. In some cases, metallic NPs are deposited within the microbial cell as a re-

sponse to cytotoxic levels of metal ions [89], whereas in other systems the deposi-

tion of mineral NPs has a precise functional use. For example, magnetic iron

oxide or sulfide NPs are produced in magnetotactic bacteria that navigate in the

geomagnetic field towards areas of optimum oxygen partial pressure [90]. Re-

cently, some bacteria have been shown to extrude polysaccharide fibrils that tem-

plate the growth of several micron-long pseudo-crystals of akaganeite (b-FeOOH)

in close vicinity to the bacterial cell wall, and which are then discarded (Figure

3.5A) [91]. The initial filaments consisted of a 3 nm-sized akaganeite 1-D crystal-

line core sheathed by 2 nm-diameter ferrihydrite NPs (Figure 3.5B). Interestingly,

it was postulated that the oxidation of soluble Fe(II) into insoluble iron (III) oxy-

hydroxides produces two protons per metallic ion, and that the local increase in

Fig. 3.5 Microbial production of inorganic

nanocrystals. (A) SEM image of a cell (edge

marked with white arrows) associated with

iron oxide-mineralized filaments and non-

mineralized fibrils. (B) TEM image of

amorphous FeOOH-mineralized filaments

filtered from the biofilm supernatant. Figures

reproduced with permission from Ref. [91];

8 2004, American Association for the

Advancement of Science. (C) TEM image of a

thin cross-section of an individual Aspergillus

niger hypha, loaded with 13-nm-diameter

Au particles and then assembled with

30-nm-diameter Au particles through DNA

hybridization. (D) Higher-magnification TEM

image of the double-layered nanoparticle ring

structure. Figure reproduced with permission

from Ref. [94].
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proton concentration induces a proton-motive force across the membrane wall,

which increases the energy-generating potential of the cell.

Semiconductor NPs, which have been demonstrated as bio-compatible fluores-

cent markers in living cells [92], have recently been produced in bacterial cells

[93]. For example, when incubated with cadmium chloride and sodium sulfide,

Escherichia coli bacteria secreted spherical CdS NPs with a wurtzite crystal struc-

ture and size distribution between 2 and 5 nm. The bio-production of quantum

dots depended heavily on the bacterial growth phase, with a 20-fold increase in

NP formation observed in stationary-phase cells compared with cultures in the late

logarithmic phase. Interestingly, no crystals were detected in mid-logarithmic-

phase cells. One possibility is that high cellular contents of the thiol-containing

peptide, glutathione, were responsible for the differences in NP synthesis ob-

served at different stages of cell growth.

Although several metal/metal oxide-producing bacteria have been reported, the

output in terms of a general protocol for the templated growth of monodispersed

NPs or nanostructures remains to be further developed. In this regard, a recent

report has described the use of the hyphae of a living fungus as a dynamic tem-

plate for the self-assembly of pre-formed gold NPs [94]. For this, oligonucleo-

tide-functionalized Au NPs were dispersed in a culture solution and spores of

Aspergillus niger filamentous fungus added. After germination, the hyphae grew

and became branched, and the Au NPs were progressively adhered to the hyphae

surface by electrostatic and chemical interactions until all the NPs were as-

sembled into mycelia pellets (Figure 3.5C). The adsorbed NPs with attached oligo-

nucleotides could themselves serve as templates for the assembly of a second

layer of different NP by standard DNA duplex formation (Figure 3.5D). Since the

fungus is alive, it was also possible to grow the hyphae sequentially in a series of

culture media, each containing different types of NPs to produce layers of NPs

organized along the fungus tubules. By extending this approach to other fungi,

it was possible to vary the template morphology to include tube-shaped hyphae

with diameters ranging between 800 nm and 12 mm. These studies highlight the

possibility that many other types of living microorganisms might be recruited for

the fabrication of nanoscale materials using bionanotechnological processes.

3.6

Outlook

Over the past decade, a variety of studies of biomineralization have significantly

increased our understanding of the interactions between bio-organic templates

and growing inorganic minerals, and how these are exploited in the synthesis of

complex bioinorganic architectures often based on the integration and organiza-

tion of nanoscale building blocks. In so doing, these studies have identified and

promoted a number of methods that have been used to produce new organic-

inorganic structures with well-defined nanoscale features. In this regard, the re-

search field has partially moved in perspective from bio-inspired crystal engineer-
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ing to bio-inspired nanoscience. Indeed, in recent years, an impressive range of

bio-derived templates (biomolecules, viruses, living organisms, etc.) have been

studied that constitute a growing toolkit to shape and assemble many types of or-

ganic and inorganic materials with nanometer-scale precision. Whilst further in-

sight into the underlying principles of biomineralization is still needed, another

major challenge will be to proceed beyond the direct mimicking of biological

principles by developing novel templates and synthetic/assembly methods that

foster new bio-derived functions such as self-replication, adaptation and evolution

in nanomaterials systems.

Several potential developments indicate that exciting new science will continue

to emerge in this field:
� Although bio-derived macromolecules such as poly-

saccharides, proteins and nucleic acids continue to offer

new opportunities, new types of synthetic derivatives will

significantly extend the capability to design templates that

combine functionalities and properties across the range of

biomolecule families. For example, a synthetic analogue

of DNA such as PNA – in which a polypeptide backbone

replaces the (deoxy)ribose sugar backbone – shows the same

recognition and duplication properties, but is essentially

uncharged and therefore exhibits a higher binding energy

than DNA, as well as increased stability in low ionic strength

solutions and improved ability to transfer across cell mem-

branes. PNA is also more resistant to enzyme degradation

and pH variations, while the peptide backbone might be

used for interaction and recognition with other peptides [95].
� The use of dynamic and adaptive polymers as templates for

NP/nanostructure synthesis and assembly could offer

innovative properties for a wide range of bioinorganic hybrid

materials. Indeed, ‘‘dynamers’’ can be built from monomeric

components linked through reversible connections, making

them genuinely evolutionary as they are able to modify their

constitution by exchange and reshuffling of their components

[96]. For example, modular reversible polymers are obtained

by DNA pairing/denaturing at the ends of two auto-

complementary oligonucleotides linked by different spacers

[97]. The thermodynamics and kinetics of such polymers are

determined by the two sequences, making complex and

dynamic materials available from simple building blocks. The

integration of these soft materials for nanomaterials

fabrication will be a key challenge.
� The versatility and rational design of the self-assembly of

isolated proteins, viruses or microorganisms will be

significantly enhanced by recent developments in

combinatorial chemistry, and through direct screening for
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specific binding abilities of molecular libraries exposed to

targeted substrates [98]. For instance, the efficient binding of

mannose moieties to the protein, concanavalin A, has been

achieved using combinatorial libraries of dimeric

carbohydrate compounds [99].
� Bio-derived routes to nanomaterials fabrication are sure to

benefit from the increased availability of methods currently

dedicated to biological or biochemical fields such as

genotyping, proteotyping, and advanced genetic engineering.

The above comments represent just a few possible outcomes and extensions

of currently developed methods for the synthesis and self-assembly of NPs and

nanostructures using bio-derived templates. Recent progress, and the burgeoning

of creativity reported in the literature, are strong indicators that a convergence be-

tween chemical and biological methodologies within a nanoscience context will

rapidly lead to a wealth of new concepts, materials, and technologies with wide-

ranging applications.
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4

Proteins and Nanoparticles: Covalent and

Noncovalent Conjugates

Rochelle R. Arvizo, Mrinmoy De, and Vincent M. Rotello

4.1

Overview

Nanoparticles (NPs) provide a versatile tool for the integration of biological and

materials systems. These organic–inorganic hybrid materials feature an inorganic

core surrounded by a monolayer conjugated with organic and/or biomolecular li-

gands. Materials used for the cores include metals (e.g., Au, Pt, Ag, Co, FePt),

semiconductors (e.g., CdSe, CdS, ZnSe, InP, PbSe), and core/shell hybrids (e.g.,

CdSe/ZnS, FePt/Fe2O3) [1]. With these systems, the composition of the core

material dictates the primary physical and chemical properties of the NP, provid-

ing unique and useful intrinsic properties. Gold NPs (AuNPs), for example, are

optically dense and have useful electronic and plasmonic properties, while CdSe

NPs (quantum dots, QDs), are highly stable and efficient fluorophores for use as

optical probes. The magnetic characteristics of iron oxide NPs make them func-

tional probes for techniques such as magnetic resonance imaging (MRI). Taken

together, the diversity of available core materials and properties make NPs prag-

matic tools for numerous applications [1].

The organic monolayer of the NP is likewise important, providing the interface

between the core and the surrounding environment. At the simplest level, the

monolayer acts as a barrier between the NP core and the environment, effectively

protecting and stabilizing the core. On a more functional level, the reactivity, sol-

ubility and interfacial interactions of NPs are dictated by the chemical nature of

the monolayer periphery.

For the biological applications featured in this volume, solubility in aqueous en-

vironments can be provided by charged or polar groups at the monolayer periph-

ery. The four general monolayer designs used to achieve water solubility are: am-

phiphilic ligands [2–6], silica shells [7], lipids [8], and polymers [9]. Building upon

the water-soluble scaffold, the monolayer can be further tailored with more com-

plex headgroups to modulate intermolecular interactions of the particle. These

headgroups can range from simple relatively nonspecific ligands to biologically

active components including peptides, proteins, and DNA.
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Two fundamentally different approaches can be used to conjugate proteins to

NPs. The first approach uses noncovalent interactions between the particle and

protein, while the second method uses direct covalent linkage of the protein to

the particle surface. Both approaches have their strengths and limitations, and

hence their place in the bionanotechnology ‘‘tool kit’’.

4.1.1

Covalent Protein-Nanoparticle Conjugates

The unique optical [10, 11], photophysical [12] and electronic [13] properties of

metal and semiconductor NPs makes them ideal for biorecognition and biosens-

ing processes. Conjugating proteins covalently to the surface of NPs allows for

greater control of protein reactivity and aggregation of biomolecule-functionalized

NPs. Covalent attachment is generally achieved by either coupling with active

amino acid residues (e.g., aNH2, aSH and aCOOH) on the surface of a protein,

or by solid-phase synthesis of peptides, terminated with functional residue that

can be further conjugated onto the NP surface.

Optical biosensing is one of the technologies enabled by covalent particle–

protein conjugation. Two ways of transducing binding events using NP-

biomolecule conjugates have been recently reported. The first method is simply

to use metallic NPs as local quencher of a fluorophore, allowing the interaction

between the NP and the fluorescent protein or fluorescent-tagged protein to be

determined quantitatively [14]. The second method is through spectroscopic

shifts generated by aggregated or conjugated metal NPs through plasmonic cou-

pling [15, 16].

Similar to DNA systems, the specificity of enzyme–substrate interactions can

be exploited for the creation of optical biosensors. Recently, Simonian et al. [17]

reported a system for the detection of paraoxon, an organophosphate neurotoxin.

In their study, these authors functionalized Au NPs with the enzyme organophos-

phate hydrolase (OPH), and the conjugates were then incubated with a fluores-

cent enzyme inhibitor. The fluorescence intensity of the inhibitor is sensitive to

the proximity of the Au NP (Figure 4.1); when paraoxon was introduced to the

OPH–NP–inhibitor conjugate mixtures, an increase in fluorescence was observed

via displacement of the inhibitor by paraoxon.

Semiconductor NPs (i.e., QDs, in particular CdSe) are very useful as fluores-

cence labels due to their favorable intrinsic properties, including high fluores-

cence quantum yield, photostability, and size-dependent tunable fluorescence

bands [7, 18, 19]. In a model system, effective fluorescent resonance energy trans-

fer (FRET) was observed by the specific interaction of biotin-labeled CdSe NPs

with Texas red-labeled streptavidin. The extent of the energy transfer was in pro-

portion to the concentration of the dye-labeled protein, and provided proof of con-

cept for an effective biosensor.

Controlled aggregation of NPs causes a shift in optical absorption in the

surface plasmon resonance peak and broadening of the absorption spectrum

of the NPs, reflecting the extent of aggregation. Otsuka et al. reported a lactose-
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conjugated gold NP to target agglutinin, a bivalent lectin with d-galactose specif-

icity [20]. As shown in Figure 4.2, the lactose on gold NPs promotes lectin-

induced aggregation, leading to distinct changes in the absorption spectrum.

Also, the change of color from red to purple was observed due to the aggregation.

The aggregation is reversible in nature, which can be released by addition of ex-

cess galactose. Significantly, since the degree of aggregation is proportional to the

Fig. 4.1 (A) Schematic representation of Decoy D-Enzyme interaction

for enhancement of fluorescence due to the proximity of nanogold in

the absence of substrate. (B) Substrate displacement of decoy from the

OPH–gold complex, leading to a decrease in the fluorescence signal

from the decoy.

Fig. 4.2 Schematic representation of reversible lectin-induced

association of gold nanoparticles modified with lactose.
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lectin concentration, the target molecule could be detected quantitatively at high

sensitivity. By taking advantage of the specific biotin–streptavidin interaction,

Perez-Luna et al. fabricated biotinylated gold NPs and investigated their aggrega-

tion by optical properties in the presence of streptavidin [21].

The intrinsic catalytic and photoelectrochemical properties of NPs can be uti-

lized to fabricate electronic biosensors [22, 23]. Redox enzyme functionalized

NPs have been used extensively for these bioelectroanalytical systems [24]. In this

system, enzyme functionalized NPs are linked through electrodes, and the con-

centration of substrate or specific proteins is measured by the development

of electrolytic current [13, 25, 26]. The catalytic deposition of metals on

biomolecule–NP hybrid labels has also been used to generate conductive do-

mains and surfaces. This unique property of these systems allows them to be

used as an electronic biosensor, as the conductivity can be measured quantita-

tively [27].

Electronic biosensors and biofuel cells [28, 29] can be driven by the transfer

of electrons generated via biological reactions to the surface of the NP. This

transfer changes the surface plasmon resonance spectra of the NP, yielding a

bioelectronic/biosensing system. Based on this concept, Willner et al. reported

several systems using a NP–enzyme hybrid as a sensor. In one representative

example [25], the redox enzyme glucose oxidase (GOx) was connected through a

single Au NP by reconstitution of the apo-flavoenzyme, apo-glucose oxidase (apo-

GOx), on a 1.4 nm Au NP that was functionalized with N6-(2-aminoethyl) flavin

adenine (FAD). This enzyme–NP hybrid system was connected to the electrode

by a suitable dithiol ligand. Alternatively, the FAD-functionalized NP can be as-

sembled on the electrode first, after which the apo-GOx can be introduced (Figure

4.3A). The rate of electron transfer from the enzyme depends on dithiol linkers.

Using a dithiol linker (Figure 4.3C), this system exhibits a highly efficient electri-

cal communication with the electron-transfer turnover rate at @50 000 s�1. As

Fig. 4.3 (A) Structure of different dithiol linkers. (B) Assembly of

glucose oxidase (GOx) electrode by the reconstitution of apo-enzyme

on a FAD-functionalized gold nanoparticle. (C) Calibration plot of the

electrocatalytic current developed by the reconstituted GOx electrode in

the presence of different concentrations of glucose.
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shown in Figure 4.3B, the amount of glucose present is directly proportional to

the amount current produced, providing a highly efficient glucose biosensor.

This idea of ‘‘charging’’ NPs can be used for other catalytic application, such as

the recently reported hydrogen evolution demonstrated by Yeni Astuti et al. [30].
In these studies, zinc-substituted cytochrome c (ZnCyt-c) was immobilized on

metal oxide NPs. The efficient electron injection from the triplet state of ZnCyt-c

to the TiO2 NP electrode then served to generate H2. Another example recently

reported by Ipe and Niemeyer uses electrostatically attached cytochrome 450BSb
to cadmium sulfite (CdS) QDs via a histidine linker [31]. In the presence of hy-

drogen peroxide, the enzyme is able to catalyze the hydroxylation of myristic

acid to hydroxymyristic acid. Since superoxide (O2
�) and OH is generated when

CdS absorbs light, this allows the enzyme to activate its catalytic machinery

through scavenging the free radicals. By combining the unique properties of CdS

QDs and cytochrome 450BSb , the authors were able to create a nanohybrid that

acts as a light-switchable photocatalyst.

4.1.2

Noncovalent Protein–NP Conjugation

The simplest way to produce noncovalent NP–protein conjugates is through com-

plementary electrostatic interactions between the NP and the protein. This can be

done either on the surface of a ‘‘naked’’ NP (e.g., citrate-stabilized gold) or by the

use of a functionalized monolayer. The use of functionalized monolayers allows

the facile generation of either positively or negatively charged NPs that can bind

oppositely charged proteins. Perhaps the most significant useful attribute of

noncovalent protein–particle conjugation is the reversibility of appropriately cho-

sen systems, facilitating applications in sensing and delivery. For example, Ag2S

NPs conjugated with bovine serum albumin (BSA) can be assembled and disas-

sembled, with the change of pH causing association and dissociation of the pro-

tein [32]. Noncovalent interactions with peptides are also useful for templation of

peptide assemblies to yield de-novo proteins [33–35]. The reversible inhibition

and activation of enzymatic activity provides a further use of noncovalent electro-

static conjugation [36]. An important issue for all of these applications is the

retention of native protein structure in the particle–protein conjugate. Recent

studies have demonstrated that oligo (ethylene glycol) monolayer-protected NPs

minimize nonspecific binding of proteins (Figure 4.5A), making these systems

quite useful [36, 37].

The controlled interactions of NPs with proteins is a potential tool for both

fundamental and applied biomedical investigations. In a fundamental study by

Fischer et al., the use of a-chymotrypsin (ChT) with NP 1 (Figure 4.4A) revealed

effective inhibition of the enzyme via a two-step process: fast reversible initial in-

hibition followed by a kinetically irreversible conformational change in secondary

structure as determined by CD and fluorescence spectroscopy [5]. The initial

binding in this system is electrostatic; the anionic monolayer of the NP is com-

plementary to the cationic side chains surrounding the active site of ChT. Upon

4.1 Overview 69



binding with the NP, the active site of ChT is sterically hindered, resulting in in-

hibition of the protein. The second irreversible step was proposed to be the result

of ChT burying its hydrophobic residues into the surface of the monolayer; this

hypothesis is supported by the fact that binding without denaturation was ob-

served for NP 2 [6].

As the nature of binding of the above NP–protein system is electrostatic in na-

ture, surfactants can be used to restore enzyme activity. Subsequent studies con-

ducted by Fischer et al. demonstrated that the addition of positively charged sur-

factants attenuated the monolayer charge (Figure 4.4B), releasing and reactivating

Fig. 4.4 Nanoparticle–protein complexation through complementary

electrostatic interactions. (A) Structure and interaction of nanoparticles

(NP) 1 and 2 with ChT. (B) ChT inhibition by NP 3 and its release

mechanism from the surface of NP by addition of different surfactant

(4–6). (C) Enzyme selectivity induced through substrate–monolayer

interaction. Cationic substrates are attracted and hydrolyzed by the

enzyme, but anionic substrates are repulsed by the monolayer.
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the protein [36]. Dynamic light scattering (DLS) measurements demonstrated

that NP 3 had the same hydrodynamic radius before and after surfactant addition

of thiol 5 and alcohol 6. Upon incubation with alkyl surfactant 4, however, a

bilayer is formed. Taken together, these results indicate that NP–protein inter-

actions can be tailored to facilitate applications such as protein refolding and

intracellular protein release.

Substrate-selective behavior of the NP–protein complex was observed in further

investigations with NP 7 and ChT. To elucidate the role of substrate charge on the

selectivity, three SPNA derivatives, each with different charges, were synthesized

and analyzed [38]. Enhanced chemoselectivity of ChT activity was observed when

bound to the surface of NP 7 (Figure 4.4C). The NP–ChT complex showed very

low activity towards negatively charged SPNA substrate, but @50% and almost

100% relative activities of bound ChT to free ChT were observed towards the

neutral SPNA substrate and the positively charged SPNA substrate, respectively.

Considering the substrate charge together with the anionic nature of the NP

monolayer, this chemoselectivity can be explained by a combination of steric hin-

drance and electrostatics.

The introduction of functionality onto the surface of NPs can enhance the affin-

ity and specificity of this type of binding [39]. A report on diverse l-amino acid-

terminated NPs demonstrates varying affinity towards ChT, supporting this hy-

pothesis [39]. In addition to modulating the binding affinity to ChT, it was found

that the hydrophilic side chains destabilize the structure of ChT through either

competitive hydrogen-bonding or breakage of salt bridges, with denaturation

much slower with hydrophobic amino acid side chains. Significantly, correlation

between the hydrophobicity index of amino acid side chains and the binding af-

finity and denaturation rates was observed once again.

The above examples demonstrate effective binding with little or no specificity

outside of electrostatic complementarity. Specificity of binding can be imparted

via conjugation of the particle with biomolecular ligands. Zheng and Huang

fabricated a biotin group or glutathione capped onto the surface of gold NPs

protected by tri(ethylene glycol) thiols [40]. These authors were able to show spe-

cific binding of either streptavidin or glutathione-S-transferase to their respective

capped NPs. In another example, Lin et al. fabricated a series of carbohydrate-

capped gold NPs to explore their interaction with concanavalin A (Con A) [41]. It

was shown that gold NPs functionalized with a mannose linker had a high affin-

ity towards Con A, although the size of the NP and the mannose linker affected

the interaction. By extending their investigation using mannose-conjugated gold

NPs, the same authors were able to demonstrate mannose-specific adhesion

FimH of type 1 pili in Escherichia coli [42].
Gold NPs have also been successfully tagged with covalent DNA–streptavidin

conjugates. Building upon their earlier findings [27], Niemeyer et al. function-

alized citrate-stabilized gold NPs with two different thiolated oligomer strands

forming a difunctional DNA–gold NP [43] scheme allowing for the detection of

protein antigens with enhanced sensitivity. One of the sequences on the NP is

used to immobilize antibodies, while the other is used for signal amplification
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by means of DNA-directed assembly of multiple layers of NPs. It is suggested that

this system will allow for the rapid detection of proteins, at a low cost.

4.2

Methods

The coupling and functionalization of NPs with proteins is carried out using a

variety of methods, including electrostatics, ligand recognition, metal-mediated

complexation, chemisorption, and covalent binding through bifunctional linkers

[44–46]. These methods are summarized in the following sections.

4.2.1

General Methods for Noncovalent Protein–NP Conjugation

The simplest way to form protein–NP conjugation is through electrostatic inter-

actions. In this case, the proteins are electrostatically attracted to oppositely

charged NPs, allowing absorption. The affinity and stability of these interactions

Fig. 4.5 Formation of the noncovalent biomolecule–nanoparticle (NP)

conjugates. (A) Electrostatic interactions via direct absorption of the

protein onto the NPs surface. (B) NP–protein conjugates formed by

absorption of the protein onto the NPs monolayer. (C) Biomolecule–

nanoparticle conjugates can also be assembled by antibody–antigen

associations.
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can be measured using various techniques such as isothermal titration calorime-

try (ITC) and enzymatic activity assays. For examples of this interaction, see Sec-

tion 4.1.2.

Nanoparticle–protein conjugates can also be formed through specific protein–

ligand interactions. This recognition is achieved by functionalizing NPs with

groups that provide specific affinity to certain proteins or oligonucleotides. For ex-

ample, streptavidin-functionalized gold NPs have been used for the binding with

biotinylated proteins [7], while NPs functionalized with antibodies have been

used for affinity binding with their respective antigen [47]. It has been observed

that the antigen–antibody binding constant on NPs is higher than in free systems

[48].

Metal-mediated complexation provides a versatile method for the creation of

noncovalent protein–NP conjugates. Nickel and cobalt nitrilotriacetic acid (NTA)

complexes have a high affinity to histidine-tagged proteins, without nonspecific

binding via metal chelation [49]. In one study, Xu et al. affixed a nickel–NTA

complex onto the iron oxide shell of magnetic NPs with a dopamine anchor, and

further used them to target the histidine-tagged proteins [49]. The protein–NP

complex can be separated magnetically and then released by the addition of

EDTA (Figure 4.6).

Fig. 4.6 (A) Structure of nanoparticles targeting histidine-tagged

proteins. (B) Selective binding to histidine-tagged proteins and

purification by magnetic separation.
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4.2.2

General Methods for Covalent Protein–NP Conjugation

The problems of instability and inactivation of proteins can be overcome when

they are covalently conjugated to the surface of metal NPs [50]. This has been

achieved in two ways: (i) chemisorption via thiol derivatives; and (ii) through the

use of bifunctional linkers. The chemisorption of proteins onto the surface of

NPs (which usually contain a core of Au, ZnS, CdS and CdSe/ZnS) can proceed

through cysteine residues that are present in the protein (e.g., oligopeptide,

serum albumin) [51], or chemically in the presence of 2-iminothiolane (Traut’s

reagent) [51, 52].

Bifunctional linkers are highly diverse and offer versatile covalent conjugation

of proteins onto NPs. Thiols, disulfides or phosphine ligands are often used as

anchor groups to bind Au, Ag, CdS, and CdSe NPs for these bifunctional linkers.

Weakly absorbed molecules are displaced by the above anchor groups to further

stabilize the NPs, or they are added during NP synthesis. Biological compounds

Fig. 4.7 Formation of covalent biomolecule–nanoparticle (NP)

conjugates. (A) NP–protein conjugates formed by adsorption of NPs

onto native thiol groups of the protein. (B) Conjugation using proteins

chemically functionalized with an external thiol residue. (C) Schematic

representation of covalent binding of protein through a bifunctional

linker.
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are often covalently linked to NPs using bifunctional linkers via carbodiimide-

mediated amidation and esterfication coupling with thiol groups [24].

4.3

Outlook

During the past few years, the development and application of protein–NP conju-

gates has burgeoned, mainly because the useful characteristics of NPs – such as

ease of functionalization, tunable core size, and variety of core materials available

– make these systems excellent scaffolds for the conjugation of proteins. There

are numerous opportunities for expanding the utility of these systems. For exam-

ple, in the area of noncovalent protein–particle interactions there are many

unanswered questions regarding the nature of the interface, and a better under-

standing of this issue will provide access to a range of new diagnostics and thera-

peutics.

In another potential direction, proteins and NPs can self-assemble into highly

organized superstructures, offering opportunities for the creation of novel materi-

als and devices [53, 54]. Thus, an understanding of protein–NP conjugates is sig-

nificant both for fundamental research and for biotechnological and nanotechno-

logical approaches. In turn such knowledge should lead to the creation of

advanced materials that can be applied to sensing, catalysis, signal transduction,

transport, and other applications associated with the biomedical and/or biomate-

rial sciences.
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5

Self-Assembling DNA Nanostructures for

Patterned Molecular Assembly

Thomas H. LaBean, Kurt V. Gothelf, and John H. Reif

Abstract

This chapter describes the use of DNA for molecular-scale self-assembly. DNA

nanostructures provide a versatile toolbox with which to organize nanoscale ma-

terials. The chapter commences with a discussion of DNA nanostructures, the

self-assembly of various building-blocks known as DNA tiles, and how these can

be made to self-assemble into two and three-dimensional lattices. Methods are

then discussed for the programmed assembly of patterned and/or shaped two-

and three-dimensional DNA-nanostructures, including their use to produce beau-

tiful algorithmic assemblies displaying fractal design patterns. The resulting large

DNA nanostructures provide multiple attachment sites within and between tiles

for complex programmed structures, which leads to diverse possibilities for scaf-

folding useful constructs and templating interesting chemistries. Methods are

then described for the assembly of various biomolecules and metallic nanopar-

ticles (NPs) onto DNA nanostructures, and also of various materials using DNA

nanostructures. The chapter is concluded with a discussion of the various chal-

lenges faced by DNA nanostructure self-assembly.

5.1

Introduction

Self-assembly is one of the key approaches that might enable future methods to

be developed for building nanostructures and nanodevices [1]. Our current ability

to form nanostructures by self-assembly is, however, quite limited compared to

the power of lithographic techniques used to form solid structures in bulk mate-

rial and, in particular, of electronic circuits at the nanoscale. Lithography is used

to form the most complex human-constructed objects, namely microprocessors,

which have been manufactured with upwards of billions of precisely patterned

elements. It should be noted however, that top-down techniques such as lithogra-

phy are limited in scale, whereas bottom-up methods of self-assembly are not.
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The motivation and inspiration to explore self-assembly can literally be found

within ourselves since, as living organisms, we are the most advanced nanosys-

tems known, far exceeding the complexity of any human-engineered nanostruc-

ture. The fantastically complex machinery of living organisms – which is com-

posed primarily of organic molecules and polymers – is formed by, and operates

by, self-assembly. Indeed, the precision and efficiency of the self-assembly process

in cells derives from specific molecular interactions between proteins, DNA and

RNA in particular, as well as other compounds such as lipids, carbohydrates and

small molecules. The question to be considered here is whether we can use tech-

niques inspired from the cell’s self-assembly machinery to assemble artificial

nanostructures? Likewise, which materials should we use as building blocks in

order to direct the self-assembly process at the molecular scale?

Proteins, antibodies, peptides and their small-molecule affinity substrates are

efficient and highly specific in self-assembly processes, and if only few types of

specific interactions were to be required then these might be the best choice.

The importance of their role in molecular biology, medicine and nanoscience can-

not be underestimated, but when it comes to the individual encoding of multiple

building blocks for assembly into complex nanostructures, their use may be

limited due to their diverse structures and differences in the nature of their self-

interactions or size. These materials have their own extensive technical literature,

but this will not be discussed at this point.

In contrast, DNA nanostructures have an easily predictable secondary structure

due to the well-understood properties of single-stranded DNA base-pairing and

the double-helix structure of double-stranded (ds) DNA as functions of their envi-

ronment (temperature and buffer solution) [2–4], and this allows software to be

developed for computer-aided design of the sequences that comprise DNA nano-

structures [5, 6]. There is also a well-established biotechnology for constructing

DNA sequences and for executing operations on DNA sequences. Likewise, there

are known techniques for attaching other molecules to specific locations on DNA

sequences. Hence, DNA appears to be an ideal material for achieving complex

self-assembly, and consequently this will form the basis of the present chapter.

5.2

Overview of DNA Nanostructures

The past few years have witnessed a huge number of advances in our ability to

construct complex nanostructures from nucleic acid building materials [7–9].

The study of artificial DNA structures for applications in nanotechnology began

during the early 1980s when Seeman sought to design and construct periodic

matter and discrete objects assembled from synthetic DNA oligonucleotides [10].

He noted that simple double-helical DNA could only be used for the construction

of linear assemblies, and that more complex building blocks would be required

for two- and three-dimensional constructs. Seeman also noted that biological sys-
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tems make use of branched base-pairing complexes such as forks (three-arm

junctions) found in replicating DNA and Holliday intermediates (four-arm junc-

tions) found in homologous recombination complexes. These natural branch

junction motifs exposed a potential path toward multi-valent structural units.

A Holliday junction is formed by four strands of DNA (two identical pairs of com-

plementary strands) where double-helical domains meet at a branch point and

exchange base-pairing partner strands. The branch junctions in recombination

complexes are free to diffuse up and down the paired homologous dsDNA do-

mains as the partners share sequence identity all along their lengths. Seeman

subsequently showed that, by specifically designing sequences which were able

to exchange strands at a single specified point and by breaking the sequence sym-

metry which allowed the branch junction to migrate [11], immobile junctions

could be constructed and used in the formation of stable and rigid DNA building

blocks. These building blocks (known as DNA tiles) – especially double-crossover

(DX) complexes [12] – became the initial building blocks for the construction of

periodic assemblies and the formation of the first uniform two-dimensional crys-

tals of DNA, known as DNA lattices [13]. They also can be used to form long

tubes [14].

A large number of distinct DNA tile types have now been designed and proto-

typed; some examples are shown in Figure 5.1. The high thermal stability (Tm up

to at least 70 �C) of some DNA tiles, the ability to program tile-to-tile association

rules via single-strand (ss) DNA sticky-ends, and the wide range of available at-

tachment chemistries make these structures extremely useful as molecular-scale

building blocks for diverse nanofabrication tasks. The process of DNA nanostruc-

ture and sequence design was laid out very effectively in a recent review article

[15]. To date, all DNA tiles produced have contained double-helical DNA domains

as structural members and branch junction crossovers as connectors. The use

of paired crossovers greatly increases the stiffness of the tiles over that of linear

dsDNA. Following the success of the DX lattices, triple-crossover (TX) tiles and

their two-dimensional (2-D) uniform lattices and tubes were demonstrated [16–

20]. Recently, the existence of DDX tiles containing four double helices and four

crossover points has also been demonstrated [21].

Since DX, DDX and TX tiles are designed with their helices parallel and copla-

nar, their lattices tend to grow very well in the dimension parallel with the helix

axes, but fairly poorly in the dimension perpendicular to the axis. Elimination of

this problem and growth of lattices with a square aspect ratio was the primary

motivation behind the design of the cross-tile [22], which allows for a uniform

growth of 2-D lattices in both of these directions. Long DNA nanotubes (up to

15 mm in length) and large 2-D lattices (extending over many mm2) have been

assembled from cross-tiles (Figure 5.2). The design of the 2-D cross-tile lattices

made use of an interesting corrugation method [22] for providing symmetry in

both the horizontal and vertical directions, by the use of rotations and flips of

neighboring cross-tiles, so as to cancel deformations that otherwise would limit

lattice growth. Recently, a variant of the cross-tile [23] was developed that provides
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an improved symmetry in both the horizontal and vertical directions, resulting in

even larger 2-D lattices (extending to millimeters).

A variety of other tile shapes have been prototyped beyond the rectangular

and square tiles illustrated here. Lattices with rhombus-like units have been con-

structed in which the helix crossing angles are closer to the relaxed@60� angles

observed in biological Holliday junctions [24]. At least three different versions of

triangular DNA tiles have been prototyped (Figure 5.3): one type which tiles the

plane with triangles [25]; and two types which form hexagonal patterns [26, 27].

Such triangular lattices have not been shown to grow as large as those from rect-

angular and square tiles, but they may be useful for assembly applications where

Fig. 5.2 Atomic force microscopy images of corrugated (planar) and

uncorrugated (tube) versions of cross-tile lattices. The right panel is

a 1 mm� 1 mm scan. (Adapted with permission from Ref. [22].)

Fig. 5.1 Schematic drawings of four DNA tiles. The colored lines

represent different oligonucleotide strands with arrowheads marking the

3 0 ends. DAE and DAO are double crossover complexes (also known as

DX), TAO is an example of a triple crossover (or TX) tile, and the 4� 4

cross-tile is composed of four arms each of which contains a four-arm

junction.
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slightly more structural flexibility is desired. Some interesting multilayer struc-

tures with symmetrical stacking interactions have also been demonstrated [27].

DNA tiles have also been assembled using paranemic interactions between

pairs of parallel helices [28].

Fig. 5.3 Schematic drawings of two different triangular tiles (A, C) and

AFM images of resulting 2-D lattices assembled from triangle tiles

(B, D). (A,B adapted with permission from Ref. [25]; C,D adapted with

permission from Ref. [26].)

Fig. 5.4 The three-helix bundle (3HB) DNA

tile shown as a schematic trace of the

strands through the tile. The different colored

lines represent different oligonucleotides, and

arrowheads mark the 3 0 ends. Six crossover
points (paired vertical lines) connect the

three double helices (paired horizontal lines),

with two crossovers connecting each of the

possible pairs of helices. The center panel is

an end view of the 3HB tile to show the

stacking of the helical domains. The right

panel is an AFM image of a 2-D lattice

formed from properly programmed 3HB

tiles. (Adapted with permission from Ref.

[29].)
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5.3

Three-Dimensional (3-D) DNA Nanostructures

Three-dimensional building blocks and periodic matter constructed of DNA have

been long-term goals of this field. In addition to forming 2-D lattices and tubes,

DNA tiles can be used to form 3-D lattices. If guest molecules can be incorpo-

rated into 3-D DNA lattices, typical applications may include:
� the assembly of 3-D molecular electronics circuits and

memory; and
� the molecular scaffold for structure determination of guest

molecules via X-ray crystallography studies.

Non-planar tiles represent one strategy for expanding the tiling into the third

dimension. DNA tiles which hold their helical domains in non-planar arrange-

ments have been designed, and include for example a three-helix bundle (Figure

5.4) [29] and a six-helix bundle [30], although initial attempts at 3-D DNA nano-

structures using these particular tiles have not yet proved successful. Recently,

Seeman and colleagues [31] have demonstrated a 3-D DNA hexagonal lattice

formed from a single 13-base DNA sequence that formed stacked layers of paral-

lel helices with base-pairing between adjacent layers. However, these 3-D DNA

lattices are not yet sufficiently regular to allow for their application to structure

determination of guest molecules via X-ray crystallography.

Another approach is to form 3-D polyhedral DNA nanostructures which can

then assembly to regular lattices. Early attempts to build a cube [32] and a trun-

cated octahedron [33] with dsDNA edges and branch junction vertices met with

some success, but the final constructs were produced in very low yields. More re-

cently, a tetrahedral unit with short double helical edges was constructed in much

higher yield [34]. Perhaps the most impressive experimental success to date in

DNA-based 3-D nanostructures produced an octahedron with DX-like edges [35].

This study was noteworthy in that the 1.7 kilobase DNA strand (which folded

with the help of five short oligonucleotides) was produced as a single piece by

PCR-based assembly, and the octahedron was formed in sufficient yield to permit

structural characterization by cryoelectron microscopy.

5.4

Programmed Patterning of DNA Nanostructures

In addition to 2-D and 3-D periodic lattices, another long-term goal of DNA self-

assembly studies has been the generation of complex, non-periodic patterns on

lattices. There are at least three techniques available to perform this:

1. The use of algorithmic self-assembly, whereby patterns are
formed using a small tile set, the sticky-ends of which

represent tile association rules that promote lattice formation

according to the specific rules of the encoded algorithm. The

first demonstrations of algorithmic self-assembly used DNA

tiles to demonstrate the execution of various Boolean and

arithmetic operations at the molecular scale; the computa-
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tions occurred during the assembly of linear sequences of

DNA tiles that preferentially bound to each other according

to computational rules [17, 36]. Subsequently, 2-D demon-

strations of algorithmic self-assembly methods using DNA

tiles have provided some of the most complex patterns yet

demonstrated via molecular self-assembly; an example is

seen in the Sierpinski triangle pattern shown in Figure 5.5

[37]. In principle, any arbitrary structure which can be

specified by a set of encoded association rules can be

expected to form via algorithmic self-assembly [38], albeit at

some yield < 100% and with some error rate > 0%. Various

schemes have been developed to reduce errors in algorithmic

self-assembly, but with the side effect of increasing the size

of the lattice as well as the number of tile types [39–41].

Compact error-resilient designs were later developed which

provide a reduction of assembly errors without any increase

in the size of the computational lattice [42, 43].

2. Another method for programmed patterning of DNA

nanostructures is to use a stepwise or hierarchal self-assembly,
whereby patterns are formed in multiple stages, incorporat-

ing as subcomponents patterned nanostructures formed in

prior stages. A recent demonstration of this technique

provided the molecular-scale self-assembly of fixed-size DNA

Fig. 5.5 AFM images of DX tile lattice

algorithmically assembled to form fractal

Sierpinski triangle patterns. (A) Bright tiles

carry an additional stem-loop of DNA

projected out of the tile plane which appears

taller to the AFM and therefore acts as a

topographic marker. The inset to panel

(A) shows a schematic of the target pattern.

(B) An expanded view of the boxed region

in panel (A). (C) An expanded view from

another section of lattice. The ‘Xs’ mark tiles

which appear to be assembled incorrectly,

based on visual inspection of the preceding

(input) tiles. Scale bars ¼ 100 nm. (Adapted

with permission from Ref. [37].)

5.4 Programmed Patterning of DNA Nanostructures 85



lattices patterned in any arbitrary way (see Figure 5.6) [44].

This study showed that, by minimizing the number of

sequential steps in the assembly process, the overall yield of

target structure would be maximized.

3. A final and very promising method is the use of directed
self-assembly, whereby patterns are formed via the use of

molecules that control in some way the self-assembly process

so as to form the intended pattern. The directed self-assembly

of one-dimensional patterned DNA lattices was first

demonstrated by using scaffold strands to provide the

specification of inputs to the computational assemblies

mentioned above [36, 38]. The directed self-assembly of 2-D

patterned DNA lattices was then demonstrated by the use of

scaffold strands that were incorporated into each of the rows

of a 2-D DNA lattice, allowing for the display of binary

sequences as a 2-D barcode pattern that can be viewed by

atomic force microscopy (AFM) imaging [45]. To date, the

most impressive use of directed self-assembly has been made

by Rothemund, using a 7-kb scaffold strand which folded

into arbitrary 2-D shapes and patterns with the help of

multiple short oligonucleotides that specify the shape and

patterning (see Figure 5.6) [46].

Fig. 5.6 (A) AFM images of fixed-size DNA tile lattices displaying

bound streptavidin molecules (white dots) in arbitrary target patterns.

(Adapted with permission from Ref. [44].) (B) Schematic drawing and

AFM image of an arbitrary shape formed by folding the single-strand

DNA genome of M13 bacteriophage using staple strands (short

synthetic oligonucleotides). (Adapted with permission from Ref. [46].)
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Finite-sized arrays were also reported in another DNA system and in RNA [47,

48]. Previous DNA tiling systems all resulted in an unbounded growth of lattice,

and consequently polydisperse products following annealing. These demonstra-

tions of finite-sized arrays represent another step towards the increased control

of self-assembled molecular systems.

The 2-D lattices and 3-D structures assembled from DNA and described in this

and the prior sections represent interesting objects in their own right, but their

real usefulness will come from their application as scaffolds and templates upon

which chemistry is performed, or with which heteromaterials are organized into

functioning nanodevices. Here, we will use the term DNA-programmed patterned
assembly to denote this use of DNA lattices to organize heteromaterials. We will

return to some of these applications later in the chapter.

5.5

DNA-Programmed Assembly of Biomolecules

The assembly of other biomolecules on DNA templates and arrays may prove

useful for the fabrication of biomimetics and other devices, with applications

such as biochips, immunoassays, biosensors, and a variety of nanopatterned ma-

terials. The logical end to the shrinking of microarrays is the self-assembled DNA

nanoarray with a library of ligands distributed at addressable locations to bring

analyte detection down to the single molecule level. We will return to complex

DNA tiling structures momentarily, but first we examine simpler dsDNA

systems.

The conjugation of DNA and streptavidin via a covalent linker was reported by

Niemeyer et al. in 1994, and these conjugates were applied for DNA-programmed

assembly on a macroscopic DNA array on a surface and in a nanoscale array

made by aligning DNA-tagged proteins to specific positions along an oligonucleo-

tide template [49–51]. The covalent attachment of an oligonucleotide to streptavi-

din provides a specific recognition domain for a complementary nucleic acid se-

quence. In addition, the binding capacity for four biotin molecules is utilized as

biomolecular adapters for positioning biotinylated components along a nucleic

acid backbone.

Besides duplex DNA structures, more complex self-assembling DNA tiling

structures have been used to organize biomolecules into specific spatial patterns.

DNA nanostructures covalently labeled with ligands have been shown to bind

protein molecules in programmed patterns; for example, making use of the pop-

ular biotin/avidin pair, arrays of evenly spaced streptavidin molecules were as-

sembled on a DNA tile lattice [22]. On cross-tile lattices, individual streptavidin

molecules are visible as separate peaks in the AFM image (Figure 5.7). Hence,

single molecule detection could be achieved on DNA nanoarrays displaying a

variety of protein binding ligands.

Further design evolution of the cross-tile system to a two-tile type (A and B)

tile set allowed for somewhat more complex structures and patterns [52]. In
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this study, some size control of lattice and partial addressability were demon-

strated, but the display patterns were still periodic and symmetric (Figure 5.8).

In ongoing experiments, finite-sized objects with independent addressing have

been used to assemble a range of specifically patterned protein arrays in high

yield [44].

Another exciting future use for biomolecules specifically patterned on self-

assembled DNA nanostructures is the specific deposition of inorganic materials

via crystal nucleation. Natural peptides and proteins have been implicated in the

growth of nanopatterned silica by living organisms [53]. Peptides and RNA se-

quences have been artificially evolved by in-vitro selection to specifically bind and

precipitate or crystallize various semi-conductors and metals [54, 55]. Patterning

these species on 3-D DNA lattices could provide a method for bottom-up assem-

bly and controlled deposition resulting in a wide variety of complex inorganic

structures for use in nanoelectronics, photonics, and other fields.

Fig. 5.7 (A) Schematic drawing of cross-tile lattice carrying a

biotinylated central strand and streptavidin molecules (blue) binding to

the functionalized sites. (B) AFM image showing individual streptavidin

proteins at the vertices of the cross tile array. (Adapted with permission

from Ref. [22].)
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5.6

DNA-Programmed Assembly of Materials

In analogy to the immobilization of DNA on a variety of solid surfaces, the conju-

gation of DNA and analogues with metal NPs, semiconductor NPs and polymer

particles is becoming increasingly important. In particular, the DNA-directed as-

sembly of gold NPs has been studied in much detail, primarily due to the stability

and ease of preparation of gold–NP conjugates, and due to the interparticle

distance-dependent plasmon resonance absorption. In 1996, both Mirkin et al.

[56] and Alivisatos et al. [57] reported pioneering studies on the assembly of

gold NPs by the hybridization of DNA–NP conjugates. Since then, such DNA-

conjugated materials have found several applications, for example in biosensors

(for a detailed overview, the reader is referred to recent excellent reviews, both in

Fig. 5.8 AFM images of the programmed self-assembly of streptavidin

on one-dimensional DNA nanotracks. (a,b) AFM images of bare A*B

and A*B* nanotracks before streptavidin binding, respectively. Tiles

marked with ‘*’ indicate the presence of biotinylated strands. (c,d) AFM

images of A*B and A*B* nanotracks after binding of streptavidin. All

AFM images are 500� 500 nm. (Adapted with permission from Ref.

[52].)
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this book and elsewhere [58–61]). Here, the main focus will be on the assembly

of materials in DNA-lattices on surfaces. Combining the ability of DNA to orga-

nize nanomaterials with the diverse and programmable structures available from

self-assembling DNA tile lattice strategies has resulted in several initial steps to-

wards the bottom-up assembly of nanomaterials that may prove valuable as elec-

tronic components. For example, a TX tile assembly was used to align a modest

number of 5-nm gold particles in single and double layer queues [17]. This

construction used tiles containing integral biotin-labeled DNA strands and

streptavidin-bound gold particles. In another study, DX tile arrays were used to

pattern 6-nm gold particles into precisely spaced rows covering micrometer scale

areas (see Figure 5.9) [62]. This study featured gold NPs labeled with T15 oligonu-

cleotides which base-paired with assembled DX lattice displaying single-strand

A15 sequences hanging from certain tiles. Two recent reports by the group of

Yan have demonstrated useful improvements of this method [63, 64]. The ability

to organize electrically active species such as gold by using DNA points the

way toward the templating of complex devices and circuits for applications in

nanoelectronics.

The DNA-programmed assembly of materials other than gold NPs has also

been reported, including semi-conductor NPs [65, 66], nanorods [67], mesoscale

particles [68, 69], and dendrimers [70, 71]. Most of these examples are based on

the linear assembly of two complementary DNA strands, leading to dimers or ag-

gregates. Many examples of nanowires templated on DNA molecules by a variety

of electrodeless deposition protocols (including the fabrication of a field effect

Fig. 5.9 TEM image of gold nanoparticles organized on a self-

assembled DX tile lattice using complementary base-pairing

interactions. (Adapted with permission from Ref. [62].)
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transistor [72]) have also been reported, but these are beyond the scope of this

chapter.

Carbon nanotubes represent one of the most promising materials for nano-

science due to their unique structure and mechanical and electronic properties

[73], and in recent years the chemical conjugation of organic and bioorganic

compounds with carbon nanotubes has been a rapidly developing field [74].

The ability to control the exact positioning of multiple carbon nanotubes by

means of DNA-programmed assembly would be a major achievement in nano-

science, and indeed the conjugation of carbon nanotubes with DNA [75, 76] and

with polypeptide nucleic acid (PNA) has been described [77]. In these reports the

carbon nanotubes were shortened into fragments by oxidation, which resulted

in carbon nanotubes fragments with carboxyl groups in the terminal positions

and, to some extent, in their side walls. The covalent coupling of 5 0-amino DNA-

sequences or PNA to carboxyl groups at the nanotubes led to the formation of

carbon nanotubes coupled with DNA or PNA sequences. Carbon nanotubes con-

taining 12-mer PNA-sequences were annealed with dsDNA sequences containing

12-mer sticky ends and imaged by AFM [77]. In a report by Dai and colleagues

[76], multi-wall carbon nanotubes (MWNTs) and single-wall carbon nanotubes

(SWNTs) functionalized with 20-mer DNA sequences were annealed with com-

plementary sequences attached to gold NPs. The resulting aggregates were depos-

ited on mica and imaged by AFM, whereupon the images revealed the occasional

interconnection of individual MWNTs by a gold NP. In a recent report by Chen

and co-workers [78], the self-assembly of DNA functionalized single-walled car-

bon nanotubes was studied, with AFM images showing that highly branched

structures were formed for the DNA-functionalized SWNTs.

In another study, SWNTs were assembled between pre-positioned metal elec-

trodes via complementary DNA base-pairing by ssDNA on the gold electrodes

(thiol-labeled oligos) and the oxidized SWNTs (3 0-amino-labeled oligos) (see Fig-

ure 5.10) [79]. The electrical conductivity between the electrode pairs was shown

to be highly dependent on the presence of complementary DNA on the electrodes

and nanotubes. These initial investigations into carbon nanotube–DNA conju-

gates hold great promise for future developments in the assembly of nanotube

structures with useful electronic and mechanical properties.

5.7

Laboratory Methods

The common methods utilized in DNA-based molecular assembly have been de-

scribed in detail in the reports (and their supporting documents) cited through-

out this chapter. An overview of the most central methods – molecular assembly

by thermal annealing and the examination of 2-D nanostructures by AFM

imaging – are summarized briefly in the following sections.
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5.7.1

Annealing for DNA Assembly

The formation of specific hybridization complexes from designed DNA strands

takes place by slow annealing. First, custom oligonucleotides are obtained from

a commercial vendor and purified by polyacrylamide gel electrophoresis under

denaturing conditions [16]. Complexes are formed by mixing stoichiometric

quantities of the required strands (as estimated by their absorbance at 260 nm)

in TAE/Mg buffer (20 mM Tris-acetate, pH 7.6, 2 mM EDTA, 12.5 mM MgCl2).

The concentration of DNA is typically between 1.0 and 0.05 mM (per strand) in a

volume of 10–100 mL. Mixed oligonucleotide solutions are then cooled slowly from

90 �C to 20 �C to facilitate hybridization. This annealing step can be achieved by

sealing the DNA solution in a microfuge tube and floating the tube in 1–2 L of

water at 95 �C in a covered styrofoam box. Alternatively, a heating block or ther-

mal cycler can be programmed to step down from 95 �C to room temperature over

the course of the annealing step. Styrofoam box annealing chambers can take up

to 48 h to cool down, whereas a heating block, when turned off and left on the

bench, can cool in under 1 h. The duration of the annealing step depends some-

what on the complexity of the nanostructure to be formed, the number of compo-

Fig. 5.10 DNA-mediated deposition of single-wall carbon nanotubes

(SWNTs) between two gold electrodes. (A) Schematic representation of

hybridization between complementary strands resulting in bridging the

two electrodes by the SWNTs. (B) SEM image of two electrode pairs

connected by SWNTs.
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nent strands required, and the nature of the assembly process (single-step, hierar-

chical, etc.), with less time required for simpler structures.

5.7.2

AFM Imaging

The majority of nanostructures produced so far by DNA assembly have been 2-D

in nature, and have been examined by AFM, using either wet or dry samples. For

imaging under buffer, a 3–5 mL DNA sample is spotted on freshly cleaved mica

and left to adsorb onto the surface for around 3 min; TAE/Mg buffer (30 mL) is

then placed onto the mica. Another 30 mL of buffer is pipetted between the AFM

tip and the tip-holder, so that when the tip and sample come together no air will

be trapped above the tip. Imaging under buffer requires a fluid cell for the AFM.

For imaging under air, a 3–5 mL DNA sample is spotted on freshly cleaved mica

and left to adsorb onto the surface for around 3 min. The sample is then wicked

off with filter paper, and 30 mL of distilled water is used to rinse the mica, which

is then dried under a gentle stream of nitrogen. It has been found that imaging

under buffer provides a higher-resolution analysis, and that ‘‘tapping mode’’

imaging is typically preferred over ‘‘contact mode’’.

5.8

Conclusions

Currently, we are learning the basics of how to form DNA nanostructures with

moderately high complexity. But consider for a moment just a 2-D nanostructure

patterned at the molecular scale by a binary array of pixels. Let us define the com-
plexity of such a patterned nanostructure to be the total number of pixels on the

array that can be set on or off, via programmed assembly. Prior review of pat-

terned self-assembly results indicates that the experimentally achieved results for

2-D patterning using DNA self-assembly has rapidly increased in complexity over

the past few years (and this rate of increase seems to be considerably higher than

that experienced by lithographically based patterning over the same period). Thus,

we are clearly optimistic about future improvements in the complexity of pattern-

ing using DNA self-assembly.

In the ultimate development of bottom-up nanofabrication strategies it may be

possible to assemble large numbers of easily available building blocks using pat-

terned DNA nanostructures to position a wide variety of materials. Depending on

the nature and programming of the building blocks, these will self-assemble into

complex nanostructures with the required properties. Such properties might

include: an enzyme-like nature, electronic circuits with efficient contacts to elec-

trodes at larger length scales, memory-storage devices, drug-delivery robots,

multifunctional diagnostic devices for in-vivo application, or even systems capable

of self-replication.
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6

Biocatalytic Growth of Nanoparticles for

Sensors and Circuitry

Ronan Baron, Bilha Willner, and Itamar Willner

6.1

Overview

Biomolecules conjugated to metal nanoparticles (NPs) attract substantial recent

interest in the rapidly developing area of nanobiotechnology [1]. The similar di-

mensions of metal NPs and biomolecules such as enzymes, antigens–antibodies

or nucleic acids suggest that the integration of biomolecules with metal particles

could yield new hybrid systems that combine the unique optical or electronic

properties of metallic NPs with the selective and catalytic functions of biomole-

cules. Specifically, the integration of enzymes with metallic NPs could lead to

new NP–enzyme biocatalytic conjugates where the metallic NPs control, or di-

rect, the enzyme functions. Alternatively, the enzymes activities may regulate the

optical or electronic features of the NPs, thus enabling the development of new

bioelectronic or sensor systems. Biomolecule–metal NP hybrids are used as tags

for optical sensing, and as catalytic labels for the amplified electrical, electro-

chemical or microgravimetric analysis of biorecognition events [2]. For example,

the interparticle plasmon absorbance of gold (Au) aggregates generated in the

presence of nucleic acid-functionalized Au NPs was employed to analyze DNA

and single base mismatches [3]. The surface-enhanced resonance Raman scatter-

ing (SERRS) spectra of molecules associated with Ag NPs were used to amplify

nucleic acid hybridization [4], and the intramolecular fluorophore-Au NP quench-

ing within a beacon DNA structure, as well as the fluorescence reactivation upon

the opening of the beacon were used to analyze DNA [5]. Also, Au NPs conju-

gated to biomolecules acted as labels for the optical detection of antigen–antibody

[6] or DNA [7] recognition complexes on surfaces. The catalytic properties of me-

tallic particles, that induce the deposition of different metals on the NPs by chem-

ical means, were used for the amplification of biorecognition processes. The cata-

lytic enlargement of Au NP labels associated with biorecognition complexes was

employed to generate bridging conductive paths across electrodes, thus enabling

the detection of antibody–antigen complexes [8] or DNA [9] hybridization by con-

ductivity measurements. The deposition of metals on core metal NPs acting as

99



labels was used to amplify biorecognition events by voltammetric stripping off of

the deposited metal [10]. The catalytic enlargement of metallic NPs bound to bio-

logical complexes was also used to amplify the recognition events by following

the ‘‘weight’’ of the linked NPs, thus permitting the sensitive microgravimetric

detection of DNA using a quartz-crystal-microbalance [11]. Apart from bioanalyt-

ical applications, biological structures can be used as templates for the synthesis

of well-defined complex nano-objects through the direct reduction of metallic

salts to metal clusters [12], or the growth of preassembled NPs [13].

During the past few years, Sastry and colleagues [14], followed by others [15],

have developed the concept of using biological entities as ‘‘reaction containers’’ for

the synthesis of NPs. For example, the exposure of the fungus, Verticillium sp. to

aqueous AuCl4
� resulted in the reduction of the salt to gold NPs with a diameter

of ca. 20 nm formed on the cell surface, as well as intracellularly [14a]. Similarly,

the fungi Fusarium oxysporum and Verticillium sp. generated, in the presence of

ferric and ferrous salts, magnetite NPs [14b]. It was also shown that silver single

crystals with defined shapes, such as triangles or hexagons, were generated in the

Pseudomonas stutzeri AG259 bacterium in the presence of AgNO3 [15a]. Cell ex-

tracts from the lemongrass plant also yield, in the presence of AuCl4
�, single-

crystalline gold nano-triangles and nano-prisms [14c]. The mechanisms of the

formation of the NPs in these biological media are, however, unknown. Presum-

ably, different biosynthetic products such as a-hydroxy carboxylic acids or reduced

cofactors play an important role in the reduction of the respective salts to the NPs.

The biocatalytic deposition of metallic seeds on specific cellular domains, such as

surfactant polysaccharides, may then enhance the shape-controlled growth of the

NPs.

In this chapter we address a new emerging area in nanobiotechnology that

deals with the use of specific biomolecules and enzymes for the synthesis

and growth of NPs. Special emphasis is given to the possible applications of

biocatalytic-NPs conjugates for the development of sensors and the design of me-

tallic nanopatterns.

6.1.1

Enzyme-Stimulated Synthesis of Metal Nanoparticles

The H2O2-mediated enlargement of Au NPs in the presence of AuCl4
� leads to a

strong increase in optical absorbance [16]. Typical high-resolution transmission

electron microscopy (HRTEM) images of Au NPs seeds before and after enlarge-

ment by H2O2 are presented in Figure 6.1.

The oxidation of glucose by the enzyme glucose oxidase (GOx) generates

H2O2, and the latter product allows the reduction of AuCl4
� at catalytic Au NP

seeds. This observation led to the development of an optical detection path for

glucose oxidase activity, and for the sensing of glucose by the growth of the NPs

[16]. The enlargement of the Au NP seeds was examined in solution and on

surfaces. The citrate-capped Au NPs were assembled on a triethylaminopropyl

siloxane (TEAS) film that was assembled on glass plates (Figure 6.2A). The GOx-
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biocatalyzed oxidation of glucose leads to the formation of H2O2 that acts as a re-

ducing agent for the catalytic deposition of Au on the Au NPs associated with the

glass support. Enlargement of the particles was then followed spectroscopically

(Figure 6.2B). A calibration curve for the glucose in the range corresponding to

10�6 M to 10�4 M (Figure 6.2C) was extracted. It should be noted that GOx re-

vealed a good stability in the growth solution used [2� 10�4 M HAuCl4, cetyltri-

methylammonium chloride (CTAC), 2� 10�3 M in 0.01 M phosphate buffer].

As different oxidases generate H2O2 upon the O2-driven biocatalyzed oxidation

of the corresponding substrates, the method can be generalized to sense a large

number of substrates. Furthermore, the enzyme-stimulated catalytic deposition of

metals on metal NP seeds may be extended to other biocatalysts that yield prod-

ucts capable of reducing metal salts. For instance, the alkaline phosphatase hy-

drolyzes p-aminophenol phosphate (1) to yield p-aminophenol (2), and the latter

product reduces Agþ on Au NP seeds to form core-shell metallic structures [17].

Different bioactive o-hydroquinone derivatives such as the neurotransmitters

dopamine (3), l-DOPA (4), adrenaline (5), or noradrenaline (6), were found to act

as effective reducing agents of AuCl4
� to Au NPs [18]. Figure 6.3A depicts the

absorbance features of the Au NPs generated by different concentrations of dopa-

mine. As the concentration of dopamine increased, the plasmon absorbance of

the Au NPs was intensified. Noteworthy is, however, the fact that although the

Au NPs were enlarged as the concentration of dopamine increased, the maxi-

mum absorbance of the plasmon-band is blue-shifted, in contrast to the expecta-

tion that enlarged particles should reveal a red-shifted plasmon absorbance. The

TEM images recorded upon the dopamine-induced growth of the Au NPs led

Fig. 6.1 HRTEM images of: (A) the Au NP seeds; (B) after 5 min of

reaction, with HAuCl4 (2� 10�4 M), CTAC (2� 10�3 M), and H2O2

(2:4� 10�4 M). (Reprinted from Ref. [16], with permission; 8 American

Chemical Society, 2005.)
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to an understanding of the spectral absorbance features of the NPs. The increase

of the concentration of dopamine, indeed, enhanced the growth of the Au NPs.

However, the enlargement process generated on the Au NPs surface small Au

clusters (1–2 nm) that were detached to the solution, and these acted as addi-

tional seeds for enlargement. As a result, the absorbance spectra corresponded

to the enlarged particles, and to numerous small clusters/NPs that led to the

blue shift of the plasmon absorbance. The spectral features enabled the extraction

of a calibration curve corresponding to the optical detection of dopamine. Similar

Fig. 6.2 (A) The biocatalytic enlargement of

Au NPs associated with a glass support in

the presence of glucose and glucose oxidase

(GOx). (B) Absorbance spectra of the Au NP-

functionalized glass supports upon reaction

with 2� 10�4 M HAuCl4, 47 mg mL�1 GOx in

0.01 M phosphate buffer that includes CTAC

(2� 10�3 M), and different concentrations of

b-dðþÞ glucose: (a) 0 M; (b) 5� 10�6 M; (c)

2� 10�5 M; (d) 5� 10�5 M; (e) 1:1� 10�4

M; (f ) 1:8� 10�4 M; (g) 3:0� 10�4 M. The

reaction time interval was 10 min at 30 �C.
(C) Calibration curve corresponding to the

absorbance of the enlarged Au NPs formed

in the presence of glucose and measured at

l ¼ 542 nm. (Figures 6.2B and 6.2C are

adapted from Ref. [16], with permission;

8 American Chemical Society, 2005.)
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results were observed for the other neurotransmitters [18], and appropriate cali-

bration curves for the optical sensing of the different neurotransmitters were ex-

tracted. The growth of the particle not only follows the concentration of the sub-

strates that correspond to the respective enzymes, but may also be used to assay

enzyme activities. For example, the enzyme tyrosinase is specifically expressed in

melanocytes and melanoma cells, and is viewed as a specific marker for these

cells [19], which makes its detection particularly interesting. Tyrosinase hydroxy-

lates tyrosine (7) to l-DOPA (4), using O2 as the oxygen source. The biocatalyti-

Fig. 6.3 (A) Absorbance spectra of the Au

NPs formed in the presence of different

concentrations of dopamine: (a) 0 M; (b)

2:5� 10�6 M; (c) 5� 10�6 M; (d) 8� 10�6

M; (e) 1� 10�5 M; (f ) 1:5� 10�5 M; (g)

2� 10�5 M. All systems include HAuCl4
(2� 10�4 M) and CTAC (2� 10�3 M) in 0.01

M phosphate buffer. Spectra were recorded

after a fixed time-interval of 2 min. (B) Assay

of tyrosinase activity through the biocatalyzed

oxidation of tyrosine and the l-DOPA-

mediated formation of Au NPs. (C)

Absorbance spectra of Au NPs formed by

variable concentrations of tyrosinase: (a) 0

U mL�1; (b) 10 U mL�1; (c) 20 U mL�1; (d)

30 U mL�1; (e) 35 U mL�1; (f ) 40 U mL�1;

(g) 60 U mL�1. All systems include tyrosine

(2� 10�4 M), HAuCl4 (2� 10�4 M), CTAC

(2� 10�3 M) in 0.01 M phosphate buffer.

Spectra were recorded after a fixed time-

interval of 10 min. (Adapted from Ref. [18],

with permission; 8 American Chemical

Society, 2005).
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cally generated l-DOPA acts, however, as the reducing agent for the generation of

Au NPs (Figure 6.3B). The generated Au NPs act then as optical labels for the

activity of the enzyme. This is depicted in Figure 6.3C which shows the increase

in the plasmon absorbance of the Au NPs at time intervals of reacting tyrosin-

ase with tyrosine, in the presence of O2. The tyrosinase-mediated formation of

l-DOPA generates the reducing agent that yields and enlarges the Au NPs.

Enzyme inhibition was also probed using the catalytic growth of metallic NPs

by enzymes. This was demonstrated for the inhibition of acetylcholine esterase

(AChE), an enzyme that catalyzes the hydrolysis of acetylcholine. In fact, the de-

velopment of rapid and sensitive detection protocols for AChE activity and its in-

hibition has important homeland security implications. The inhibition of AChE

by nerve gases leads to perturbation of the nerve conduction system and to the

rapid paralysis of vital functions of living systems [20]. Thus, analytical proce-

dures for following AChE activity have significant possible applications for the de-

tection of chemical warfare. The biocatalyzed hydrolysis of acetylthiocholine (8) to

thiocholine (9), and the subsequent catalytic reduction of AuCl4
� on Au NP seeds

were used to follow the AChE activity [21] (Figure 6.4A, B). The addition of paraoxon

(10), a well-established AChE irreversible inhibitor that mimics the functions of

organophosphate nerve gases, resulted in the inhibition of the Au NPs growth

[21]. Figure 6.4C illustrates the inhibited growth of the Au NPs upon the increase

of the concentration of the inhibitor. According to the inhibition mechanism, par-

aoxon (CX) leads to the phosphorylation of the active site of the biocatalyst, with

concomitant release of the leaving group X (X ¼ p-nitrophenol) [Eq. (1)]. The

overall rate constant of the inhibition of AChE is given by Eq. (2), where [E] is

the concentration of the non-inhibited enzyme, [Eo] is the initial concentration

of AChE, and [I] is the concentration of the inhibitor:

Eþ C-X 8
k1

k�1

½EC-X� �!k2 ECþ X ð1Þ
ki

ln½E� ¼ ln½Eo� � ki½I�t ð2Þ

d

Figure 6.4C depicts the time-dependent absorbance changes of the Au NPs in

the presence of variable concentrations of the inhibitor, according to Eq. (2). The

value ki ¼ 3:3� 105 M min�1 was derived from the respective plots, consistent

with the previously reported value of 2:9� 105 M min�1 [22].

Redox enzymes usually lack direct electron transfer with their macroscopic en-

vironment [23]. Redox-active cofactors or small molecular oxidizing or reducing

agents (e.g., O2 or H2S, respectively) activate the electron-transfer proteins to-

wards the respective biotransformations. Molecular electron-transfer mediators

are often used to activate the biocatalytic functions of redox proteins by a diffu-

sional mechanism [23]. Transition metal complexes are often employed as

electron-transfer mediators that make the electrical communication between the

redox enzymes and their environment (e.g., electrodes), and activate the biocata-

104 6 Biocatalytic Growth of Nanoparticles for Sensors and Circuitry



lytic functions of the enzymes. As the reduction of the metal salts and the gener-

ation (or enlargement) of metal NPs is a redox process, the possibility exists of

facilitating the synthesis of the NPs by electron-relay-mediated biocatalysis. This

has been demonstrated with the application of Os(II) bispyridine-4-picolinic acid,

[Os(bpy)2PyCO2H]2þ (11) as an electron-transfer mediator for the activation of

the biocatalyzed oxidation of glucose by GOx, and the concomitant reduction of

AuCl4
� and the enlargement of Au NPs seeds [24]. The enlargement of the Au

NP seeds proceeds effectively, and the resulting dimensions and absorbance prop-

erties were controlled by the concentration of glucose. The absorbance features

for different concentrations of glucose are depicted in Figure 6.5.

The detailed mechanism for the enlargement of the Au NPs in the system was

elucidated. During the first step, the [Os(bpy)2PyCO2H]2þ reduces the Au(III)

Fig. 6.4 (A) Acetylcholine esterase (AChE)-

mediated growth of Au NPs, and its

inhibition by a nerve-gas analogues. (B)

Absorbance spectra of the Au NPs formed in

the presence of AChE (0.13 U mL�1), HAuCl4
(1:1� 10�3 M), Au NP seeds (3:6� 10�8 M),

and variable concentrations of acetylthio-

choline (7): (a) 0 M; (b) 2:4� 10�5 M; (c)

4:8� 10�5 M; (d) 9:5� 10�5 M; (e) 1:4 �
10�4 M; (f ) 1:9� 10�4 M; (g) 2:4� 10�4 M;

(h) 3:8� 10�4 M. Spectra were recorded after

5 min of particle growth. (C) Absorbance

spectra of the Au NPs formed in the

presence of AChE and acetylthiocholine, in the

presence of different concentrations of the

inhibitor paraoxon: (a) 0 M; (b) 1:0 �
10�8 M; (c) 5:0� 10�8 M; (d) 1:0� 10�7 M;

(e) 2:0� 10�7 M; (f ) 4� 10�7 M. All

systems include AChE (0.13 U mL�1),

HAuCl4 (1:1� 10�3 M), Au NP seeds

(3:6� 10�8 M), and acetylthiocholine

(1:4� 10�3 M). In all experiments AChE was

incubated with the respective concentration

of the inhibitor for a time-interval of 20 min,

and the absorbance spectra of the enlarged

Au NPs was recorded after 5 min of bio-

catalytic growth. (Figure 6.4B and 6.4C are

adapted from Ref. [21], with permission;

American Chemical Society, 2005).
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salt to Au(I) [Eq. (3)], and the latter species is reduced by citrate to Au0 that

is deposited on the gold seeds, acting as catalyst [Eq. (4)]. A TEM analysis of

the samples confirmed the growth mechanism. Au NP seeds of 2–3 nm were

enlarged to NPs with diameters in the region of 10–30 nm, by the system that

included glucose (5:9� 10�3 M) with a growth time interval of 10 min.

2½OsðIIÞðbpyÞ2PyCO2H�2þ þ AuCl4
� �! 2½OsðIIIÞðbpyÞ2PyCO2H�3þ

þ AuðIÞ þ 4Cl� ð3Þ
OH Oa b

HO2CCH2-C-CH2CO2Hþ 2AuðIÞ �!h HO2CCH2CCH2CO2H

þ 2Au0 þ 2Hþ þ CO2 ð4Þ

Au

a

CO2H

A similar mediated redox mechanism was used to follow the inhibition of AChE

through blocking the enlargement of the Au NPs [24]. The [Os(bpy)2PyCO2H]2þ/
citrate-mediated growth of the Au NPs was employed to follow the activity of

AChE by coupling the synthesis of the particles to the AChE/choline oxidase

(ChOx) enzyme cascade (Figure 6.6). The AChE-stimulated hydrolysis of acetyl-

choline yields choline, and the [Os(bpy)2PyCO2H]3þ (12) -mediated oxidation of

choline yields betaine and [Os(bpy)2PyCO2H]2þ. Then, in the presence of citrate,

the resulting [Os(bpy)2PyCO2H]2þ reduces AuCl4
� to Au0 by the two-step coupled

reactions, while regenerating [Os(bpy)2PyCO2H]3þ.

Fig. 6.5 Absorbance spectra of the Au

NPs formed in the system consisting of

4.7 U mL�1 GOx, 1� 10�4 M

[Os(bpy)2PyCO2H]2þ, 1:5� 10�3 M HAuCl4,

7:5� 10�3 M citrate, 2:5� 10�8 M Au NP

seeds, in the presence of different

concentrations of glucose: (a) 0 M; (b)

7:4� 10�5 M; (c) 3:7� 10�4 M; (d)

7:4� 10�4 M; (e) 1:5� 10�3 M; (f )

3:0� 10�3 M; (g) 4:4� 10�3 M. Spectra

recorded under air after a time interval of 10

min. (Adapted from Ref. [24], with permis-

sion; 8 Wiley-VCH, 2005).
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6.1.2

Enzyme-Stimulated Synthesis of Cupric Ferrocyanide Nanoparticles

The biocatalytically induced growth of cupric ferrocyanide (Cu2Fe(CN)6) NPs was

used to develop electrochemical and optical biosensing systems of glucose [25]

and analogues of organophosphorus nerve agents [26]. The GOx-mediated oxida-

tion of glucose by O2 yields H2O2 and gluconic acid, whereafter the generated

H2O2 was used to reduce ferricyanide (Fe(CN)6
3�) to ferrocyanide (Fe(CN)6

4�);
then, in the presence of Cu2þ the latter complex yielded the cubic cupric ferrocya-

nide complex, Cu3=2Fe(CN)6 (Figure 6.7A). The resulting cupric ferrocyanide was

analyzed by spectrophotometric or electrochemical means. The electrochemical

analysis of the complex was performed by dipping a carbon paste electrode (CPE)

into the reaction medium, and the electrochemical analysis of the Fe(II) content

in the resulting complex structure, by the application of square-wave voltamme-

try. Figures 6.7B and 6.7C show, respectively, the current responses of the ad-

sorbed cupric ferrocyanide NPs generated by different concentrations of glucose,

and the corresponding calibration curve. A related procedure was employed to an-

alyze organophosphorus pesticides and nerve gas analogues. Organophosphorus

hydrolase (OPH) hydrolyzes phosphoric acid esters. Accordingly, OPH was used

to hydrolyze p-nitrophenolphosphate. The resulting p-nitrophenol reduced ferri-

cyanide to ferrocyanide to generate, in the presence of Cu2þ ions, the cupric fer-

rocyanide complex that was analyzed electrochemically.

6.1.3

Cofactor-Induced Synthesis of Metallic NPs

Many redox enzymes are coupled by the diffusional nicotinamide adenine dinu-

cleotide (phosphate)/1,4-dihydronicotinamide adenine dinucleotide (phosphate)

(NAD(P)þ/NAD(P)H) cofactor system [27]. The NADH or NADPH reduced co-

factors were found to enlarge Au NP seeds by the reduction of AuCl4
�, thus pro-

viding a useful tool to follow many biocatalytic processes. The reduction of the

Au(III) salt takes place in two steps. During the first step, the Au(III) ions are rap-

idly reduced to the Au(I) species [Eq. (5)]. The latter product is then reduced by

NADH, in the presence of the Au NP seeds acting as catalyst, to the metal, a pro-

cess that leads to the enlarged NPs [Eq. (6)] [28].

Fig. 6.6 The [Os(bpy)2PyCO2H]2þ-mediated growth of the Au NPs in

the presence of the AChE/ChOx/acetylcholine/Au NP seeds system.
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AuCl4
� þ NADH �! AuðIÞ þ 4Cl� þ NADþ þHþ ð5Þ

2AuðIÞ þ NADH �!h 2Au0 þ NADþ þHþ ð6Þ
Au

The NADH-stimulated enlargement of Au NP seeds is shown graphically and

microscopically in Figure 6.8. As the concentration of NADH is elevated, the ab-

sorbance of the enlarged Au NPs is intensified, indicating the formation of larger

particles (Figure 6.8A). The scanning electron microscopy (SEM) images of the

particles confirmed the growth of the NPs on the glass support (Figure 6.8B).

The particles generated by NADH (2:7� 10�4 M; 5:4� 10�4 M; and 1:36� 10�3

M) are shown in images (I), (II) and (III), respectively, that reveal the generation

of Au NPs with an average diameter of 13G 1 nm, 40G 8 nm, and 20G 5 nm,

respectively. The NPs generated by the high concentration of NADH (III) reveals

a two-dimensional array of enlarged particles that touch each other, consistent

with the spectral features of the surface.

The NADH-stimulated enlargement of Au NPs was used so as to amplify

the thrombin-aptamer biorecognition event [29]. Au NPs, functionalized with

Fig. 6.7 (A) The biocatalytic formation of

cupric ferrocyanide NPs in the presence of

glucose, GOx, ferrocyanide and copper ions,

and the electrochemical analysis of glucose

by subsequent oxidation of the Fe(II) in the

cupric ferrocyanide NPs at the CPE surface.

(B) Square-wave voltammograms corre-

sponding to the oxidation of enzymatically

generated cupric ferrocyanide for different

concentrations of glucose: (a) 0 mM;

(b) 6 mM; (c) 13 mM; (d) 25 mM; (e) 50 mM;

(f ) 100 mM; (g) 200 mM; (h) 400 mM; (i)

600 mM; (j) 800 mM; (k) 1000 mM. (C)

Corresponding calibration curve. (Figures

6.7B and 6.7C are adapted from Ref. [25],

with permission; 8 Wiley-VCH, 2006).
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the thrombin aptamer, were used as labels to detect thrombin on glass supports

(Figure 6.9A). A glass surface was modified with the thrombin aptamer (13),

that associates the thrombin analyte. The binding of the thrombin aptamer-

functionalized Au NPs to the second binding region of thrombin, followed by

NADH/AuCl4
� enlargement of the Au NPs, allowed amplification of the primary

association of thrombin to the sensing surface and the spectroscopic analysis

of the resulting enlarged Au NPs. Figure 6.9B shows the absorbance spectra of

the enlarged particles upon analyzing different concentrations of thrombin. This

method enabled the detection of thrombin with a sensitivity limit of 2 nM.

The regeneration of NADH by enzymes can be used to analyze either the activ-

ity of the enzyme, or its substrate. This was demonstrated with the analysis of lac-

tate using lactate dehydrogenase (Figure 6.10A) [28]. Citrate-stabilized Au NP

seeds were immobilized on an aminopropyl siloxane film associated with a glass

Fig. 6.8 (A) Absorbance changes of the Au

NP-aminopropyl siloxane-functionalized glass

slides upon enlargement with different

concentrations of NADH: (a) 0 M; (b)

14� 10�5 M; (c) 27� 10�5 M; (d) 34� 10�5

M; (e) 41� 10�5 M; (f ) 44� 10�5 M; (g)

48� 10�5 M; (h) 51� 10�5 M; (i) 54� 10�5

M; (j) 58� 10�5 M; (k) 61� 10�5 M; (l)

65� 10�5 M; (m) 68� 10�5 M; (n)

1:36� 10�3 M. All systems included HAuCl4
(1:8� 10�4 M) and CTAB (7:4� 10�2 M).

(B) SEM images of NADH-enlarged Au

particles generated on a Au NP-

functionalized glass support using HAuCl4
(1:8� 10�4 M), CTAB (7:4� 10�2 M) and

NADH: (I) 2:7� 10�4 M; (II) 5:4� 10�4 M;

(III) 1:36� 10�3 M. (Adapted from Ref. [28],

with permission; 8 Wiley-VCH, 2004).
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Fig. 6.9 (A) Amplified detection of thrombin on surfaces by the catalytic

enlargement of thrombin aptamer-functionalized Au NPs. (B) Spectral

changes of the (13)-functionalized glass supports upon interaction with

thrombin: (a) 0 nM; (b) 2 nM; (c) 5 nM; (d) 19 nM; (e) 94 nM; (f ) 167

nM. (Adapted from Ref. [29], with permission;

8 American Chemical Society, 2004).

Fig. 6.10 (A) The biocatalytic enlargement of

Au NPs by the NADþ/LDH/lactate system.

(B) Spectral changes of the Au NP-

functionalized glass supports upon inter-

action with the growth solution consisting

of HAuCl4 (1:8� 10�4 M), CTAB (7:4�
10�2 M) and lactate/LDH-generated NADH

formed within 30 min in the presence of

variable concentrations of lactate: (a) 0 M;

(b) 2:9� 10�3 M; (c) 3:6� 10�3 M; (d) 5:1�
10�3 M; (e) 5:8� 10�3 M; (f ) 6:6� 10�3 M;

(g) 7:3� 10�3 M; (h) 9:8� 10�3 M. (Figure

6.10B is adapted from Ref. [28], with permis-

sion; 8 Wiley-VCH, 2004).
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support, and the functionalized surface was treated with different concentrations

of lactate in the presence of AuCl4
�. The absorbance spectra of the enlarged NPs

in the presence of different concentrations of lactate are shown in Figure 6.10B.

The plasmon absorbance of the Au NPs increased as the concentration of lactate

increased, and therefore the concentration of NADH, consistent with the NADH-

mediated growth of the NPs. The sensitivity limit for analyzing lactate by this

method was found to be 3� 10�3 M [28].

The reduced cofactor NADH was also used to reduce Cu2þ ions to Cu0 metal

that was deposited on Au NPs [30]. The bioelectrocatalytic regeneration of NADH

by alcohol dehydrogenase (AlcDH) and the subsequent NADH-mediated deposi-

tion of the Cu0 metal on the Au NPs were employed for the electrochemical

analysis of the enzyme substrate, ethanol (Figure 6.11A). Conductive indium-tin

oxide (ITO) electrodes were modified with an aminopropyl siloxane layer on

which citrate-stabilized Au NPs were immobilized. The enlargement of the Au

NP seeds with copper was followed spectrophotometrically at 540 nm. Moreover,

stripping voltammetry provided an electrochemical readout for the content of Cu0

deposited by the biocatalytic process in the presence of different concentrations of

ethanol. The chronocoulometric transients observed upon the stripping off of the

Cu0 generated by different concentrations of ethanol are depicted in Figure

6.11B, and the respective calibration curve is shown Figure 6.11C.

Fig. 6.11 (A) Biocatalytic enlargement of Au

NP seeds associated with an electrode with

Cu shells using the NADþ/AlcDH/ethanol

system. (B) Chronocoulometric transients

corresponding to the stripping off of the Cu

deposited on the electrode by different

NADH concentrations generated by AlcDH in

the presence of NADþ (34 mM) and different

concentrations of ethanol: (a) 0 mM; (b) 1.5

mM; (c) 6 mM; (d) 9 mM. The reactions

were performed in an aqueous solution for

2 h (stripping of the metal was accomplished

by a potential step from �0.2 V to 0.1 V). (C)

Corresponding calibration curve. (Figures

6.11B and 6.11C are adapted from Ref. [30],

with permission; 8 Wiley-VCH, 2005.)
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An interesting advance in the NADH-mediated synthesis of Au NPs was the

discovery that, under special conditions, shaped NPs consisting of dipods, tripods

and tetrapods can be formed [31]. It was shown that in a basic aqueous solution

(pH ¼ 11), which included ascorbate and NADH as reducing agents and cetyltri-

methylammonium bromide (CTAB) as surfactant, the rapid formation of shaped

Au NPs was observed. The Au NP shapes consisted of dipods (12%), tripods

(45%), tetrapods (13%) and spherical particles (30%). The shaped particles were

made of ‘‘arms’’ approximately 20–25 nm long and 2–5 mm wide (Figure 6.12).

The development of the shaped particles was controlled by the concentration of

NADH. At low NADH concentrations, ‘‘embryonic-type’’ shapes were observed,

whereas at high cofactor concentrations well-shaped particles were detected (Fig-

ure 6.12A,B,C). The mechanism that leads to the formation of shaped Au NPs

was discussed; in the first step, conducted at pH 11, ascorbate reduced AuCl4
�

to Au NP seeds. In the second step, these particles acted as catalysts for the rapid

NADH-mediated reduction of AuCl4
� to Au0 on the seeds. HRTEM allowed the

detailed analysis of the growth directions of the shaped NPs; the HRTEM images

of tripod particles are shown in Figures 6.12D and 6.12E. The lattice planes ex-

hibit an inter-planar distance of 0.235 nm that corresponds to the {111} type

Fig. 6.12 (A–C) Typical TEM images of

dipod-, tripod-, and tetrapod-shaped Au NPs

formed in the presence of NADH (4:0� 10�6

M), respectively. (D) HRTEM image of a

representative tripod-shaped Au NP formed

in the presence of NADH (4:0� 10�6 M). (E)

HRTEM analysis of the tripod Au NP. The

inset in part (D) shows the crystal planes and

the tripod growth directions extracted from

the HRTEM analysis. (F) Absorbance spectra

corresponding to the Au NPs formed by the

biocatalytic generation of NADH in the

presence of AlcDH and variable concen-

trations of ethanol: (a) 0 M; (b) 7:3�
10�5 M; (c) 9:4� 10�5 M; (d) 1:5� 10�4 M;

(e) 2:0� 10�4 M; (f ) 2:9� 10�4 M. Inset:

calibration curve corresponding to the absor-

bance of the shaped Au NPs at l ¼ 680 nm

formed in the presence of different concen-

trations of ethanol. (Adapted from Ref. [31],

with permission; 8 American Chemical

Society, 2005.)
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planes of crystalline gold. The pods, separated by 120�, revealed a crystallite orien-

tation of [011] with growth directions of the pods of type h211i; namely, the pods

extended to the directions [112], [211], and [121] (Figure 6.12D, inset). It was

suggested that the cofactor preferentially binds certain crystalline planes that dic-

tate the growth directions of the NPs. The shaped Au NPs revealed a red-shifted

plasmon absorbance band at l ¼ 680 nm, consistent with a longitudinal plasmon

exciton in the ‘‘rod-like’’ structures [32]. The blue color of the shaped Au NPs dif-

fers from the red color characteristic of spherical Au NPs.

The blue color of the shaped Au NPs allowed the development of new biosen-

sor systems for NADþ-dependent biocatalytic transformations. This was demon-

strated by using the shaped Au NPs as color labels for the analysis of ethanol in

the presence of AlcDH [31]. The biocatalyzed oxidation of ethanol by AlcDH

yields NADH, and the biocatalytically generated NADH acted as the active reduc-

ing agent for the formation of the blue shaped Au NPs. Figure 6.12F depicts the

absorbance spectra, resulting from the gradual development of the shaped Au

NPs formed in the presence of different concentrations of ethanol. The derived

calibration curve corresponding to the optical analysis of ethanol by the shaped

Au NPs is also shown (Figure 6.12F, inset).

6.1.4

Enzyme–Metal NP Hybrid Systems as ‘‘Inks’’ for the Synthesis of Metallic

Nanowires

The use of biomaterials as templates for the synthesis of defined metallic nano-

objects continues to attract substantial research effort. These activities represent

an important direction in the developing concept of the ‘‘bottom-up’’ synthesis

of nanostructures. For example, the association of metallic Au NPs to telomers

followed by catalytic enlargement of the NPs was used to generate continuous

metal wires on nucleic acid templates [33]. Similarly, the catalytic deposition of

Au on Ag clusters linked to double-stranded DNA was employed to synthesize

metallic nanocircuits [34]. The enlargement of Au NPs associated with actin fila-

ments was also reported to yield micrometer-long metal nanowires that revealed

ATP-driven motility and nano-transporting features, in conjunction with myosin-

modified interfaces [35].

The biocatalytic growth of metal NPs may also be employed to construct nano-

scale metallic circuitry. This was demonstrated by the application of metallic

NP-functionalized enzymes as ‘‘biocatalytic inks’’ for the generation of nanowires

[17]. Dip-pen nanolithography (DPN) was used as the nanopatterning tool for

application of the ‘‘biocatalytic ink’’ on surfaces. Realizing that GOx stimulates

the enlargement of Au NPs by the biocatalytic generation of H2O2 that reduces

AuCl4
� in the presence of Au NPs as catalytic sites [16], the generation of Au

NP/GOx conjugate could act as a biocatalytic ink for the synthesis of nanowires.

Accordingly, the flavoenzyme GOx was functionalized with mono-N-hydroxy-
succinimide-functionalized 1.4 nm Au NP to yield the AuNP/GOx conjugate

with an average loading of 12 Au NPs per enzyme molecule (Figure 6.13).
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The resulting Au NP/GOx conjugate was then used as an ‘‘ink’’ for DPN pat-

terning of ‘‘biocatalytic lines’’ on a Si support. In the presence of glucose, GOx

generated H2O2 that reduced AuCl4
� at the surface of the Au NPs (Figure

6.14A). The catalytic growth of the particles yielded micrometer-long Au-metallic

wires exhibiting heights and widths in the region of 150 nm to 250 nm, depend-

ing on the time interval used for the biocatalytic ‘‘development’’ of the enlarged

particles (Figure 6.14B). Another flavoenzymes, galactose oxidase, was similarly

used as a biocatalyst for the growth of Au NPs in the presence of Au NP/galactose

as ‘‘biocatalytic ink’’, and wires were generated in the presence of galactose (Fig-

ure 6.14C). The metallic nanowires generated by the enlargement of the Au NPs

yielded continuous metallic wires that exhibited electrical conductivity. The gener-

ation of metallic nanowires is not limited to flavoenzymes that yield H2O2 as re-

ducing agent. In fact, any biocatalyst that generates a product exhibiting a reduc-

ing power to transform the metal ions to metals at a catalytic metal NP may be

used to synthesize the wires. This was demonstrated with the synthesis of Ag

nanowires using Au NP-functionalized alkaline phosphatase as a ‘‘biocatalytic

ink’’ (Figure 6.14D) [17]. The mechanism for the synthesis of the Ag nanowires

involves the alkaline phosphatase-mediated hydrolysis of p-aminophenol phos-

phate (1) to p-aminophenol (2), that reduces AgNO3 to Ag on the Au NP seeds.

Continuous silver nanowires exhibiting a height and width of 20–25 nm on the

protein template were generated by this method. The procedure allowed the con-

secutive growth of different metallic nanowires with predesigned patterns gener-

ated by the DPN method (Figure 6.14E). First, Au NP-functionalized GOx was

used to grow the Au nanowire by the primary patterning of the Au NP/GOx con-

jugate, using DPN and subsequent development of the Au nanowire by glucose.

The Au nanowire was then passivated with mercaptoundecanoic acid, and the Au

NP-modified alkaline phosphatase (AlkPh/Au NPs) allowed orthogonal growth of

the silver nanowire.

Fig. 6.13 Characterization of flavoenzymes modified with Au NPs.

(A) Scanning transmission electron microscopy (STEM) image of

AuNP-modified GOx. (B) TEM image of Au NP-modified GalOx.

(C) TEM image of Au NP-modified AlkPh. (Adapted from Ref. [17],

with permission; 8 Wiley-VCH, 2006.)
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6.2

Methods

The biocatalytic growth of NPs for sensor and nanocircuitry applications involves

fundamental structural characterization of the particles by different spectroscopy

and microscopy methods, and the macroscopic examination of the systems for

bioanalytical applications.

6.2.1

Physical Tools to Characterize the Growth of Nanoparticles and Nanowires

Absorption spectra provide a useful tool to follow the mechanism and rate of the

biocatalytic growth of NPs. The plasmon absorbance of Au NPs or Ag NPs pro-

Fig. 6.14 (A) The generation of a Au

nanowire by the biocatalytic enlargement of a

Au NP-functionalized GOx line deposited on

a silicon support by dip-pen nanolithography

(DPN). (B) AFM image of the Au nanowire

generated by the Au NP-functionalized GOx

as ‘‘biocatalytic ink’’. (C) SEM images of

the pattern generated by the Au NP-

functionalized GalOx as ‘‘biocatalytic ink’’.

(D) Biocatalytic enlargement of Au NP-

modified AlkPh with silver, and the fabrica-

tion of a silver line on a support using DPN

and the ‘‘biocatalytic ink’’. (E) AFM image

of Au and Ag nanowires generated by depo-

sition and enlargement of the Au NP/GOx

template, followed by the passivation of

the Au nanowire with mercaptoundecanoic

acid, and subsequent deposition of the Au

NP/AlkPh template and its enlargement to

the Ag nanowire. (Figures 6.14B, 6.14C and

6.14E are adapted from Ref. [17], with

permission; 8 Wiley-VCH, 2006).
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vides an effective probe to monitor the biocatalytic enlargement reaction. The red-

shift in the plasmon absorbance of Au NPs indicates an increase in the dimen-

sions of the NPs, whereas a blue-shift indicates the formation of smaller NPs or

metallic nanoclusters.

TEM is used to image the morphologies of metallic NPs in solution by drying a

drop of the solution on an appropriate grid. SEM is used to monitor the metallic

nanoclusters on conductive supports. Atomic force microscopy (AFM) is used to

image the nanostructures on surfaces.

6.2.2

General Procedure for Monitoring the Biocatalytic Enlargement of Metal NPs in

Solutions

The respective enzyme is introduced into an aqueous buffer solution that in-

cludes the respective metallic salt and catalytic NP seeds (usually Au NPs). Intro-

duction of the substrate corresponding to the enzyme initiates the biocatalyzed

transformation that yields the reducing agent which activates the reduction of the

metal salt on the metallic seeds, resulting in their enlargement. The extent of NP

enlargement is controlled by the content of enzyme, concentration of substrate,

and the time interval used for the biocatalytic enlargement process. The growth

of particles is monitored spectroscopically and characterized by different micros-

copy methods. Changes in the absorbance features of the NPs as a function of the

concentrations of the different substrates enable the extraction of appropriate cal-

ibration curves.

As a typical example, we present the conditions for growing Au NPs by glucose

oxidase and glucose [16]. The growth solutions consisted of 2� 10�4 M HAuCl4
in 0.01 M phosphate buffer (pH 7.2), 2� 10�3 M cetyltrimethylamonium chlo-

ride (CTAC) and either different concentrations of H2O2 or b-dðþÞ glucose with

47 mg mL�1 GOx. For the catalytic growth of the Au-NPs in solution, 3� 10�10 M

Au-NP seeds (12G 1 nm) were added to the growth solution. Au-NPs stabilized

with citrate were prepared according to published methods [36]. The experiments

were performed at ambient temperature (22G 2 �C), unless otherwise stated.

6.2.3

Modification of Surfaces with Metal NPs and their Biocatalytic Growth for Sensing

The surfaces (usually glass plates) are modified with an aminosiloxane thin

film followed by the assembly of citrate-stabilized Au NPs on the film [37]. The

surface-confined NPs act as seeds for biocatalytic enlargement. The surfaces are

then interacted with a buffer solution that includes the metal salt, the respective

enzyme, and the appropriate substrate. The biocatalytically generated product acts

as a reducing agent that reduces the metal salts and stimulates NP growth. The

absorbance features of the surfaces at different substrate concentrations enable

quantitative monitoring of the substrate concentration.
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As a typical example, the growth of Au NPs on a glass surface by the

GOx system is described [16]. Glass slides were functionalized with 3-

aminopropyltriethoxysilane with the citrate-stabilized Au-NPs (12G 1 nm). The

gold NPs-modified glass slide was then soaked in the above-described growth so-

lution. The absorbance features of the resulting modified slides were recorded in

water.

6.2.4

Modification of Enzymes with NPs and their Use as Biocatalytic Templates for

Metallic Nanocircuitry

Au NPs (1.4 nm) functionalized with a single N-hydroxysuccinimide functionality

were covalently linked to glucose oxidase, galactose oxidase, or alkaline phospha-

tase. The resulting Au NP-functionalized enzymes are used as ‘‘biocatalytic

inks’’ that generate templates for the synthesis of metallic nanowires. The Au-

functionalized enzymes are deposited on Si surfaces using the DPN method,

and the respective metallic nanowires are generated by biocatalytic enlargement

of the Au NP in the presence of the respective enzyme substrate [17].

As a typical example, the growth of Ag nanowires using Au NP-functionalized

alkaline phosphatase is described. Alkaline phosphatase was modified with

N-hydroxysuccinimide-functionalized Au NPs (1.4 nm). The single N-hydroxy-
succinimide functionality linked to the NPs ensures specific linkage of the NPs

to a single enzyme unit, without crosslinking aggregation of several enzyme

units. The average loading was found to be 10 NPs per enzyme molecule. The

biocatalytic activity of the enzyme–NP hybrid was assessed photometrically, and

the activity was found not to be altered by modification with the NPs. Bioca-

talytic enlargement of these particles in solution was also checked. The Au NP-

modified alkaline phosphatase was then used as ‘‘biocatalytic ink’’ using DPN.

The enzyme is deposited on a SiO2/Si support, and the resulting surface is

treated with p-nitrophenylphosphate/AgNO3 as the developing solution. The en-

zyme-generated hydroquinone-type derivative acts as a reducing agent for the de-

position of silver on the Au NPs associated with the enzyme. The height and

width are dependent on the time of enlargement and the concentration of glu-

cose, and can be modified by adjusting these parameters.

6.3

Outlook

The application of biocatalysts as active components for the synthesis of NPs and

for the enlargement of metallic NPs is an emerging field in nanobiotechnology,

and one which has important new implications in biosensors design. The different

examples discussed in this chapter show that numerous types of enzymes such as

oxidases, hydroxylases, hydrolytic proteins or NAD(P)þ-dependent enzymes may
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be employed as biocatalysts for the synthesis of metal NPs, and for the develop-

ment of optical/electrochemical sensors for the respective substrates. The possi-

bilities of immobilizing these biocatalytic systems on solid supports was illus-

trated, and different immobilized analytical assays of practical utility that are

based on these concepts may be envisaged. The demonstration that metal NP–

enzyme hybrid systems may act as biocatalytic templates (or ‘‘biocatalytic inks’’)

for the generation of enlarged metal NPs or metallic nanowires appears to be

particularly promising. In addition to the significance of this relatively simple

method to fabricate predesigned nanocircuitry of controlled metal compositions,

the metal NP–enzyme conjugates may have important implications in new bio-

sensor configurations. The deposition of the metal NP–enzyme conjugates in be-

tween electrodes, and the substrate-induced enlargement of particles, may lead

to biosensor devices where the conductivity between the electrodes gap provides

a quantitative measure of the substrate concentration. Furthermore, the metal

NP–enzyme conjugates may act as biocatalytic labels for amplifying a variety of

biorecognition events such as antigen–antibody or nucleic acid–DNA interac-

tions, and enabling the optical, electrochemical or microgravimetric readout of

recognition processes [38].

The enzymatic growth of NPs may be extended to the general concept of a bio-

catalyzed synthesis of various materials such as semiconductor NPs (e.g., CdS,

PbS) or magnetic NPs. Once such biocatalytically induced transformations have

been achieved, the development of new optical [39] or photoelectrochemical [40]

biosensor systems can be accomplished. Likewise, the templated growth of semi-

conductor nanowires, together with metallic contacting wires, is anticipated to

yield new strategies for the assembly of nanodevices, such as transistors.
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Nanoparticles for Electrochemical Bioassays

Joseph Wang

7.1

Overview

7.1.1

Particle-Based Bioassays

The emergence of nanotechnology is opening new horizons for the application of

nanoparticles (NPs) in analytical chemistry [1, 2]. In particular, NPs (such as col-

loidal gold and semiconductor quantum-dot NPs) are of considerable interest

owing to their unique physical and chemical properties. Such properties offer ex-

cellent prospects for a wide range of biosensing applications [3, 4].

NPs hold immense promise as versatile labels for biological assays [5]. For ex-

ample, metallic and inorganic NPs coupled to biomolecules such as antigens or

nucleic acids have been extensively employed as active units in different biosens-

ing systems [3, 4]. The enormous signal enhancement associated with the use of

NP amplifying labels and with the formation of NP–biomolecule assemblies pro-

vides the basis for ultrasensitive electrochemical biodetection with PCR-like sen-

sitivity [5]. Nucleic acid and antibody-functionalized NPs have been widely used

as labels for the amplified optical [6] and microgravimetric [7] transduction of

biorecognition events.

This chapter describes recent advances based on the use of bioconjugated NPs

for the electronic transduction of biomolecular recognition events. Particular at-

tention will be given to new signal amplification and coding strategies based on

metal and semiconductor NP quantitation tags for electrochemical bioaffinity as-

says of DNA and proteins.

7.1.2

Electrochemical Bioaffinity Assays

Electrochemical devices have received considerable recent attention in the devel-

opment of bioaffinity sensors [8–10]. Such affinity electrochemical biosensors and
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bioassays exploit the selective binding of certain biomolecules (e.g., antibodies,

oligonucleotides) toward specific target species for triggering useful electrical

signals. Electrochemical devices offer elegant routes for interfacing – at the mo-

lecular level – the biorecognition binding event and the signal-transduction ele-

ment, and are uniquely qualified for meeting the size, cost, low-volume, and

power requirements of decentralized biodiagnostics [10, 11]. The electrochemical

transduction of binding events is commonly detected in connection with the use

of enzyme- or redox labels or from other binding-induced changes in electrical

parameters (e.g., conductivity or capacitance). The use of NP labels is relatively

new in electrochemical detection, and offers unique opportunities for the elec-

tronic transduction of biomolecular interactions, for the biosensing of proteins

and nucleic acids, for the design of novel bioelectronic devices, and for biodiag-

nostics in general.

7.1.3

NP-Based Electrochemical Bioaffinity Assays

Inspired by the novel use of NPs in optical bioassays [4, 12], recent studies have

focused on developing analogous particle-based electrochemical routes for the

detection of DNA and proteins. The majority of these studies has focused on me-

tallic NPs and inorganic (quantum dot) nanocrystals. Additional studies have in-

cluded nanowires, polymeric carrier (amplification) spheres, or magnetic (separa-

tion) beads. These NP materials offer elegant ways for interfacing biomolecular

recognition events with electrochemical signal transduction, for dramatically am-

plifying the resulting electrical response, and for designing novel coding strat-

egies. Most of these schemes have commonly relied on a highly sensitive electro-

chemical stripping measurement of the metal tag. The remarkable sensitivity of

such stripping measurements is attributed to the ‘‘built-in’’ preconcentration

step, during which the target metals are electrodeposited onto the working elec-

trode [13]. The detection limits are thus lowered by three orders of magnitude,

compared to pulse-voltammetric techniques used previously for monitoring bio-

molecular interactions. Such ultrasensitive electrochemical detection of metal

tracers has been accomplished in connection with a variety of new and novel

DNA- or protein-linked particle nanostructure networks. The successful realiza-

tion of these NP-based signal amplification strategies requires proper attention

to nonspecific adsorption issues.

7.1.3.1 Gold and Silver Metal Tags for Electrochemical Detection of DNA and

Proteins

Several groups have developed powerful NP-based electrochemical bioaffinity as-

says based on capturing gold [14–16] or silver [17] NPs to the bound target, fol-

lowed by acid dissolution and anodic-stripping electrochemical measurement of

the solubilized metal tracer. These protocols facilitated the detection of DNA and

proteins down to the picomolar and subnanomolar levels. For example, Dequaire

et al. [14] demonstrated an electrochemical metalloimmunoassay based on strip-
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ping voltammetric detection of a colloidal gold label (Figure 7.1). The same group

demonstrated the applicability of the gold NP-based stripping procedure for the

hybridization detection of the 406-base human cytomegalovirus DNA sequence

[16]. Further sensitivity enhancement can be achieved by catalytic enlargement

of the gold tag in connection with the NP-promoted precipitation of gold [15] or

silver [18–20]. Combining such enlargement of the metal-particle tracers, with

the effective ‘‘built-in’’ amplification of electrochemical stripping analysis paved

the way to subpicomolar detection limits [18]. Silver enhancement relies on the

chemical reduction of silver ions by hydroquinone to silver metal on the surface

of the gold NPs. The silver reduction time must be controlled as a trade-off be-

tween greater enhancement and the contribution of a nonspecific background. A

significant reduction of the silver staining background signals was obtained by

using an indium-tin oxide (ITO) electrode possessing low silver-enhancing prop-

erties, or by modifying the gold transducer with a polyelectrolyte multilayer [19].

A simplified gold NP-based protocol was reported [21] which relied on pulse-

voltammetric monitoring of the gold-oxide wave at@1.20 V at a disposable pencil

graphite electrode. A detection limit of 0.78 fmol was reported for PCR amplicons

bound to the pencil electrode in connection with hybridization to oligonucleotide–

NP conjugates.

The protocols described above have been based on the use of one NP reporter

per one binding event. It is possible to further enhance the sensitivity by captur-

ing multiple NPs per binding event. For example, the author’s group has demon-

strated an electrochemical triple-amplification hybridization assay, combining the

carrier-sphere amplifying units (loaded with numerous gold NP tags) with the

‘‘built-in’’ preconcentration of the electrochemical stripping detection and cata-

lytic enlargement of the multiple gold-particle tags [22]. The gold-tagged spheres

were prepared by binding biotinylated metal NPs to streptavidin-coated polysty-

Fig. 7.1 Sandwich electrochemical immunoassay based on the use of

gold nanoparticle tags and electrochemical stripping detection of the

dissolved tag. ASV ¼ anodic stripping voltammetry; SPE ¼ screen-

printed electrode. (From Ref. [14].)
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rene spheres. Scanning electron microscopy (SEM) imaging indicated a coverage

of around 80 gold particles per polystyrene bead. Such a multiple-amplification

route offered a dramatic enhancement of the sensitivity, and this enlargement of

numerous gold NP tags (on a supporting sphere carrier) represents the fourth

generation of amplification, starting with the early use of (first-generation) single

gold NP tags [14–16]. These four generations of gold tags, reflecting the gradual

increase in the amount of capture gold (per binding event), are displayed in Fig-

ure 7.2.

It is also possible to use gold NPs as carriers of redox markers for amplified

biodetection [23]. Gold NPs covered with 6-ferrocenylhexaenthiol were used for

this purpose in connection with a sandwich DNA hybridization assay. Due to the

elasticity of the DNA strands, the ferrocene–Au-NP conjugates were positioned in

closed proximity to the underlying electrode to allow a simple electron-transfer re-

action. A detection limit of 10 amol was observed, along with linearity up to 150

nM. Applicability to PCR products related to the hepatitis B virus was reported.

It is possible also to detect DNA hybridization based on preparing the metal

marker along the DNA backbone (instead of capturing it at the end of the duplex)

[24]. Such a protocol relies on the DNA template-induced generation of conduct-

ing nanowires as a mode of capturing the metal tag. The use of DNA as a metal-

lization template has evoked substantial research activity directed towards the

generation of conductive nanowires and the construction of functional circuits

[25], and this approach was applied to grow silver clusters on DNA templates.

However, the DNA-templated growth of metal wires has not yet been exploited

for detecting DNA hybridization. The new protocol (Figure 7.3) consists of the

Fig. 7.2 (A–D, from top) Different generations of amplification

platforms for bioelectronic detection based on gold nanoparticle (NP)

tracers. (A) A single NP tag; (B) catalytic enlargement of the NP tag;

(C) polymer (polystyrene, PS) carrier bead loaded with numerous gold

NP tags; (D) catalytic enlargement of multiple tags on the carrier bead.
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vectorial electrostatic ‘‘collection’’ of silver ions along the captured DNA target,

followed by hydroquinone-induced reductive formation of silver aggregates along

the DNA skeleton, along with dissolution and stripping detection of the nano-

scale silver cluster.

7.1.3.2 NP-Induced Conductivity Detection

The formation of conductive domains as a result of biomolecular interactions pro-

vides an alternative and attractive route for electrochemical transduction of biorec-

ognition events. NP-induced changes in the conductivity across a microelectrode

gap were exploited by Mirkin’s group for highly sensitive and selective detection

of DNA hybridization [26]. Such a protocol involved capture of the NP-tagged

DNA targets by probes immobilized in the gap between the two closely spaced

Fig. 7.3 Schematic representation of the

protocol used for electrical detection of silver

clusters produced along the DNA backbone.

From top: (a) Formation of a self-assembled

cystamine monolayer; immobilization of

single-stranded (ss) DNA ‘‘probe’’ through

the 5 0-phosphate groups of ssDNA by the

formation of phosphoramidate bond with the

amino groups of the electrode surface;

hybridization of the complementary target;

(b) ‘‘loading’’ of the silver ion onto the DNA;

(c) hydroquinone-catalyzed reduction of silver

ions to form silver aggregates on the DNA

backbone; (d) dissolution of the silver

aggregates in an acid solution and transfer to

detection cell, along with potentiometric

stripping analysis (PSA) detection. (From Ref.

[24].)
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microelectrodes, and a subsequent silver precipitation (Figure 7.4). This resulted

in a conductive metal layer bridging the gap, and led to a measurable conductivity

signal. Such hybridization-induced conductivity signals, associated with resis-

tance changes across the electrode gap, offer high sensitivity down to the 0.5 pico-

molar level. Control of the salt concentration allowed an excellent mismatch dis-

crimination (with a factor of 100 000:1), without thermal stringency. Similarly,

Velev and Kaler [27] exploited the catalytic features of NPs for analogous conduc-

tivity immunoassays of proteins in connection with antibody-functionalized latex

spheres placed between two closely spaced electrodes. A sandwich immunoassay

thus led to the binding of a secondary gold-labeled antibody, followed by catalytic

deposition of a silver layer ‘‘bridging’’ the two electrodes. The method enables the

analysis of human immunoglobulin G (IgG), with a detection limit of approxi-

mately 2� 10�13 M.

7.1.3.3 Inorganic Nanocrystal Tags: Towards Electrical Coding

Owing to their unique (tunable-electronic) properties, semiconductor (quantum

dot) nanocrystals have generated considerable interest for optical DNA detection

[28]. Recent activity has demonstrated the utility of such inorganic crystals for en-

hanced electrical detection of proteins and DNA [29–31].

Previously, the author’s group reported on the detection of DNA hybridization

in connection with cadmium sulfide (CdS) NP tags and electrochemical stripping

measurements of the cadmium [29]. A NP-promoted cadmium precipitation was

used to enlarge the NP tag and amplify the stripping DNA hybridization signal.

In addition to measurements of the dissolved cadmium ion, solid-state mea-

surements were demonstrated following a ‘‘magnetic’’ collection of the magnetic-

bead/DNA-hybrid/CdS-tracer assembly onto a screen-printed electrode trans-

ducer. Such a protocol couples the amplification features of NP/polynucleotide

assemblies and highly sensitive potentiometric stripping detection of cadmium,

with an effective magnetic isolation of the duplex. The low detection limit (100

fmol) was coupled to good precision (RSD ¼ 6%). A substantially enhanced sig-

nal was obtained by encapsulating multiple CdS NPs into the host bead, or by

loading onto carbon-nanotube carriers [30].

Fig. 7.4 Conductivity detection of nanoparticle-based microelectrodes

arrays. Left to right: The capture of the nanoparticle-tagged DNA targets

by probes confined to the gap, and subsequent silver enlargement,

electrically short-circuit the gap and lead to a measurable conductivity

signal. (Based on Ref. [26].)
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One interesting aspect of these inorganic nanocrystals is the possibility of

combining different semiconductor tags, linked to different antibodies or DNA

probes, for the simultaneous analysis of different protein or DNA targets [31,

32]. Such nanocrystals offer an electrodiverse population of electrical tags as

needed for multiplexed bioanalysis. Four encoding NPs (CdS, ZnS, CuS and

PbS) were thus used to differentiate the signals of four proteins or DNA targets

in connection with a sandwich immunoassay and hybridization assay, respec-

tively, along with stripping voltammetry of the corresponding metals. Each recog-

nition event yielded a distinct voltammetric peak, the size and position of which

reflected the level and identity, respectively, of the corresponding antigen or DNA

target (Figure 7.5). Conducting massively parallel assays (in microwells of micro-

titer plates or by using multi-channel microchips, with each microwell or channel

carrying out multiple measurements) could thus lead to a high-throughput anal-

ysis of proteins or nucleic acids.

Recent efforts in our laboratory have aimed at developing large particle-based

libraries for electrical coding, based on the judicious design of encoded ‘‘identifi-

cation’’ spheres [33] or striped metal microrods [34]. By incorporating different

predetermined levels (or lengths) of multiple metal markers, such beads or rods

can lead to a large number of recognizable voltammetric signatures, and hence to

a reliable identification of a large number of biomolecules. For example, multi-

metal cylindrical particles can be prepared by the template-directed electro-

chemical synthesis, by plating indium, zinc, bismuth, and copper onto a porous

membrane template. Capping the rod with a gold end facilitates its functionaliza-

tion with a thiolated oligonucleotide probe. Each nanowire thus yields a character-

istic multi-peak voltammogram, the peak potentials and current intensities of

Fig. 7.5 Use of different quantum dot tracers for electrical detection of

multiple protein targets. Lower diagram: Sandwich immunoassay

leading to capture of the nanocrystal-linked secondary antibodies.

Upper diagram: Stripping voltammogram for a solution containing

dissolved ZnS, CdS and PbS nanoparticle tracers, corresponding to the

three protein targets (Ag1–Ag2). (Based on Ref. [32].)
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which reflect the identity of the corresponding DNA target. In this way, thou-

sands of usable codes could be generated in connection with five to six different

potentials and four to five different current intensities. In addition to powerful

bioassays, such ‘‘identification beads’’ hold great promise for the identification of

counterfeit products and related authenticity testing. The template-directed elec-

trochemical route can also be used for preparing micrometer-long metal microrod

tags for ultransensitive detection [34]. The linear relationship between the charge

passed during the preparation and the size of the resulting microrod allows tailor-

ing of the sensitivity of the electrical DNA assay. For example, microrods pre-

pared by plating of indium into the pores of a host membrane offered a greatly

lower detection limit (250 zmol) compared to common bioassays based on spher-

ical NP labels. Indium offers a very attractive electrochemical stripping behavior,

and is not normally present in biological samples or reagents. Solid-state chro-

nopotentiometric measurements of the indium microrod have been realized

through a ‘‘magnetic’’ collection of the DNA-linked particle assembly onto a

screen-printed electrode transducer.

The coding and amplification features of inorganic nanocrystals have been

shown to be extremely useful for monitoring aptamer–protein interactions. Very

recently, the author’s group described a highly sensitive and selective simulta-

neous bioelectronic displacement assay of several proteins in connection with a

self-assembled monolayer of several thiolated aptamers conjugated to proteins

carrying different inorganic nanocrystals [35]. Electrochemical stripping detection

of the non-displaced nanocrystal tracers resulted in a remarkably low (attomole)

detection limit, that is significantly lower than those of common aptamer biosen-

sors (Figure 7.6). Unlike the two-step sandwich assays used in early quantum dot-

based electronic hybridization or immunoassays [31, 32], this aptamer biosensor

protocol relies on a single-step displacement protocol. Aptamers offer great

Fig. 7.6 Aptamer/quantum dot (QD)-based

dual-analyte biosensor, involving

displacement of the tagged proteins by the

target analytes. The protocol involves the co-

immobilization of several thiolated aptamers,

along with binding of the corresponding QD-

tagged proteins on a gold surface, addition of

the protein sample, and monitoring the

displacement through electrochemical

detection of the remaining nanocrystals. The

voltammogram on the right shows the Cd

and Pb peaks corresponding to the two

proteins. (Based on Ref. [35].)
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promise for sensitive displacement assays as the tagged protein has a significantly

lower affinity to the aptamer compared to the unmodified analyte.

Metal NPs have also been shown useful for electrical coding of single nucleo-

tide polymorphisms (SNP) [36]. Such a procedure relies on the hybridization of

monobase-modified gold NPs with the mismatched bases. The binding event

leads to changes in the gold oxide peak, and offers great promise for coding all

mutational changes. Analogous SNP coding protocols based on different inor-

ganic nanocrystals are currently being examined in our laboratory [37]. This

protocol involves the addition of ZnS, CdS, PbS and CuS crystals linked to adeno-

sine, cytidine, guanosine and thymidine mononucleotides, respectively. Each mu-

tation captures (via base pairing) different nanocrystal-mononucleotide conju-

gates, to yield a distinct electronic fingerprint.

7.1.3.4 Use of Magnetic Beads

Several of the above-described protocols [15, 18, 38] have combined the inherent

signal amplification of electrochemical stripping analysis with an effective dis-

crimination against non-target biomolecules. In addition to efficient isolation of

the duplex, magnetic spheres can open the door for elegant approaches to trigger

and control the electrochemical detection of DNA and proteins [39, 40].

For example, an attractive magnetic triggering of the electrical DNA detection

has been realized through a ‘‘magnetic’’ collection of the magnetic-bead/DNA-

hybrid/metal-tracer assembly onto a screen-printed electrode transducer that al-

lowed direct electrical contact of the silver precipitate [39]. Such a bioassay in-

volved the hybridization of a target oligonucleotide to probe-coated magnetic

beads, followed by binding of the streptavidin-coated gold NPs to the captured tar-

get, catalytic silver precipitation on the gold-particle tags, a magnetic ‘‘collection’’

of the DNA-linked particle assembly, and solid-state stripping detection (Figure

7.7). The magnetic ‘‘collection’’ route greatly simplifies the electrical detection of

metal tracers as it eliminates the acid dissolution step.

Fig. 7.7 Schematic of the magnetically

induced solid-state electrochemical detection

of DNA hybridization. The assay involves

introduction of the probe-coated magnetic

beads, the hybridization event (with the

biotinylated target), capture of the

streptavidin-gold particles, catalytic silver

deposition on the gold nanoparticle tags, and

positioning of an external magnet (M) under

the electrode to attract the particle-DNA

assembly and effect solid-state chrono-

potentiometric detection. (From Ref. [39].)
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Magnetic beads have also been used for triggering the electron-transfer reac-

tions of DNA [40]. Changing the position of the magnet (below thick film elec-

trodes) was thus used for switching ‘‘on/off ’’ the DNA oxidation (through attrac-

tion and removal of DNA functionalized-magnetic spheres). The process was

reversed and repeated upon switching the position of the magnet, with and with-

out oxidation signals in the presence and absence of the magnetic field, respec-

tively. Such magnetic triggering of the DNA oxidation holds great promise

for DNA arrays (based on closely spaced electrodes and guanine-free, inosine-

substituted probes). Willner and coworkers described an amplified detection of

viral DNA and of single-base mismatches using oligonucleotide-functionalized

magnetic beads and an electrochemiluminescence (ECL) detection [41]. The mag-

netic attraction of the labeled magnetic particles and their rotation on the elec-

trode surface was used to amplify the ECL signal. The ability of external magnetic

fields to control other bioelectrochemical processes, such as biocatalytic transfor-

mations of redox enzymes was also documented by Willner’s group [42].

It is possible also to use magnetic spheres as tags for DNA hybridization detec-

tion in connection to stripping voltammetric measurements of their iron content

[43]. A related protocol, developed in the same study, involved probes labeled with

gold-coated iron core-shell NPs. In both cases, the captured iron-containing NPs

were dissolved following the hybridization, and the released iron was quantified

by adsorptive stripping voltammetry in the presence of the 1-nitroso-2-naphthol

ligand and a bromate catalyst. Core-shell copper-gold NP tags were also shown

useful by coupling the favorable electrochemical behavior of the copper core

with the attractive surface modification properties of the gold shell [44].

7.1.3.5 Ultrasensitive Particle-Based Assays Based on Multiple Amplification

Schemes

Several amplification processes, such as catalytic enlargement of the metal tag

and its electrolytic preconcentration onto the electrode surface, have been dis-

cussed previously. These protocols have been based on the use of one reporter

per one binding event, but it is possible to further enhance the sensitivity by em-

ploying multiple tracers per binding event. This can be accomplished in connec-

tion with polymeric microbeads carrying multiple redox tracers externally (on

their surface) or internally (via encapsulation; Figure 7.8). Coupled with addi-

tional amplification units and processes, such bead-based multi-amplification

protocols meet the high sensitivity demands of electrochemical affinity biosen-

sors.

As indicated earlier, gold NPs can be used as carriers of multiple redox (ferro-

cene) markers for amplified biodetection down to the 10 amol level [23]. Simi-

larly, a dramatic sensitivity enhancement can be achieved in sandwich bioassays

involving the capture of polymeric spheres loaded with numerous gold NP tags

[22], in manner described earlier in Section 7.1.3.1.

The internal encapsulation of electroactive tracers within polymeric carrier

beads offers an attractive alternative to their external loading. For example, a re-
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markably sensitive electrochemical detection of DNA hybridization was reported

based on polystyrene beads impregnated with a ferrocene marker [45]. The result-

ing ‘‘electroactive beads’’ are capable of carrying a huge number of the ferrocene-

carboxaldehyde tag molecules, and hence offer a remarkable amplification of

single hybridization events. This allowed the chronopotentiometric detection of

target DNA down to the 5:1� 10�21 mol level (@31 000 molecules) in connection

with 20 min hybridization and the ‘‘release’’ of the marker in an organic me-

dium. This dramatic signal amplification advantage is combined with an excel-

lent discrimination against a large excess (107-fold) of non-target nucleic acids.

The DNA-linked particle assembly that resulted from the hybridization event is

shown in Figure 7.9; this image indicates that the 10-mm electroactive beads are

cross-linked to the smaller (@0.8 mm) magnetic spheres through the DNA hybrid.

Current efforts are aimed at encapsulating different ferrocene markers within the

polystyrene host beads in connection with multi-target DNA detection. Other

marker encapsulation routes hold great promise for electrochemical bioassays.

Particularly attractive are the recently developed nanoencapsulated microcrystal-

line particles, prepared using a layer-by-layer (LBL) assembly technique, that offer

large marker/biomolecule ratios and superamplified bioassays [46, 47].

Fig. 7.9 The use of ‘‘electroactive’’ particles for ultrasensitive DNA

detection, based on polystyrene beads impregnated with a redox

marker. Scanning electron micrograph of the resulting DNA-linked

particle assembly. FCA ¼ ferrocenecarboxaldehyde. (From Ref. [45].)

Fig. 7.8 Polymeric ‘‘carrier’’ bead amplifying units based on loading

numerous redox tags either externally (on their outer surface) or

internally (via encapsulation).
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7.2

Methods

The majority of the above-described studies have focused on electrochemical

stripping transduction of the dissolved NPs, although some reports demonstrated

the solid-state detection of the captured particles (without their dissolution). Most

of these schemes have commonly relied on a highly sensitive electrochemical

stripping transduction of the biorecognition event. Stripping analysis is a two-

step technique. The first (deposition) step involves the electrolytic deposition of a

small portion of the metal ions in solution into the working electrode to precon-

centrate the metals. This is followed by the stripping (measurement) step, which

involves dissolution (stripping) of the deposit. As the metals are preconcentrated

into the electrode by a factor of approximately 1000, the detection limits are

lowered by three orders of magnitude compared to solution-phase voltammetric

measurements. Hence, four to six metals can be measured simultaneously in

various matrices at concentration levels down to 10�10 M, utilizing relatively inex-

pensive instrumentation. Less sensitive – but faster – pulse-voltammetric tech-

niques (e.g., square-wave voltammetry or differential pulse voltammetry) can also

be used for monitoring the dissolved NPs or nanocrystals.

Control of the surface chemistry and coverage is essential for assuring high re-

activity, orientation/accessibility, and stability of the surface-bound probe, as well

as for avoiding nonspecific binding/adsorption events. Surface-blocking steps

should thus be employed to avoid the amplification of background signals (asso-

ciated with nonspecific adsorption of the NP amplifiers). In a typical bioassay the

DNA probe, antibody or aptamer is immobilized onto the surface of the working

electrode, on the walls of polymeric microwells, or onto functionalized magnetic

beads. This can accomplished in connection with streptavidin-coated magnetic

beads [15], via adsorption onto the walls of polystyrene microwells [14, 16], or

through the use of a highly dense mixed monolayer of alkanethiols on the gold

surface [35]. The latter procedure involves a hydrophilic 6-mercapto-1-hexanol

component that provides the blocking action essential for minimizing non-

specific adsorption effects. Electropolymerization represents another attractive

means of localizing the probes on small electrode surfaces, as is desirable for

the fabrication of high-density arrays.

In the case of functionalized magnetic spheres, the binding event is followed by

a magnetic separation, and transfer of the sandwich probe/target-tagged-probe

system to an electrochemical cell where the NPs are detected voltammetrically.

Such magnetic isolation of the duplex offers the effective removal of unwanted

(non-hybridized) constituents. A similar ‘‘two-surface’’ (recognition and transduc-

tion) approach can be accomplished by using gold electrodes (coated with a dense

monolayer of the probe) along with carbon detection electrodes.

Proper attention should be given also to conjugating the NP tags. The prepara-

tion of DNA-functionalized gold NPs or CdS nanocrystals often involves the use

of thiolate-terminated oligonucleotides. Antibodies can be conjugated to NP
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tracers through common bifunctional linkers (e.g., carbodiimide), coupled to ter-

minal groups on the functionalized nanocrystal.

7.3

Outlook

Nanotechnology offers unique opportunities for designing powerful electrochem-

ical bioassays and biosensors, and adds a new dimension to such assays and

devices. The ability to tailor the composition, size and shape of nanomaterials is

expected to lead to entirely new types of electrochemical sensors. The above-

described studies demonstrate the broad potential of bioconjugated NPs for the

electronic transduction of biomolecular recognition events. Recently, the use of

NPs in electrochemical bioassays has expanded dramatically, and will surely con-

tinue in this vein. Indeed, metal and semiconductor NPs, one-dimensional nano-

tubes and nanowires have rapidly become attractive labels for bioaffinity assays,

offering unique signal amplification and multiplexing capabilities. The coupling

of different NP-based amplification platforms and amplification processes have

dramatically enhanced the intensity of the analytical signal and have led to the

development of ultrasensitive bioassays for proteins and nucleic acids. The enor-

mous amplification afforded by such NP-based schemes opens up the possibility

of detecting disease markers, infectious agents or biothreat agents that cannot be

measured by conventional methods. These highly sensitive biodetection schemes

might provide an early detection of diseases, or perhaps a warning of a terrorist

attack, using ultrasensitive bioelectroanalytical protocols unachievable with stan-

dard electrochemical methods.

One critical requirement for the successful realization of ultrasensitive NP-

based bioelectronic assays is the ability to minimize the nonspecific binding of

coexisting biomolecules. Thus, proper attention should be given to the surface

chemistry and to the washing step as desired for minimizing nonspecific adsorp-

tion of the NP amplifiers. The combination of high sensitivity, specificity, and

multi-target detection capabilities permits NP-based electronic bioaffinity assays

to rival the most advanced optical protocols. Consequently, such nanomaterials-

based bioassays and devices are expected to have a major impact upon clinical di-

agnostics, environmental monitoring, security surveillance, or for ensuring food

safety. The application of such systems to the monitoring of other biomolecular

interactions is also expected in the near future. In this regard, preliminary data

from nanocrystal-based monitoring of lectin-glycan interactions have shown

much encouragement [48]. A recently reported much-improved detection limit

for ion-selective electrodes [49] offers great promise for the use of these potentio-

metric devices in the ultrasensitive monitoring of biomolecular interactions in re-

lation to NP amplifiers (e.g., silver or lead sulfide). Future innovative research is

expected to lead to advanced particle-based electrochemical biodetection strategies

which, when coupled with other major technological advances, will result in ef-
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fective, easy-to-use, hand-held portable devices and chip-based array formats for

protein and DNA diagnostics.
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Luminescent Semiconductor Quantum Dots

in Biology

Thomas Pons, Aaron R. Clapp, Igor L. Medintz,

and Hedi Mattoussi

8.1

Overview

During the past two decades there has been a steady and growing interest in

semiconductor nanocrystals (both colloidal and self-assembled) [1, 2]. Such inter-

est, which initially was motivated by a pure academic desire to better understand

the unique physical properties of these materials, has more recently been supple-

mented by an explosion in technological developments in this area [1, 3–6]. Po-

tential applications in devices such as absorption filters [7, 8], light-emitting

diodes [9–12], photovoltaic cells [13, 14] and, more recently, in bio-inspired appli-

cations, have spearheaded the drive to expand our understanding of their proper-

ties and to design chemical methods for preparing new and better materials.

Biological tagging using conventional fluorophores and fluorescent proteins to

develop immunoassays, disease diagnosis, and cell and tissue imaging is a ubiq-

uitous approach in biotechnology [15–18]. However, virtually all available organic

dyes and fluorescent proteins have inherent limitations, such as narrow excitation

spectral windows, broad red-tailing photoluminescence (PL) spectra, and low re-

sistance to photodegradation [5, 6]. Semiconductor nanocrystals (e.g., CdSe-ZnS

core-shell quantum dots; QDs) offer several unique properties in comparison,

and promise significant advantages in certain bioanalytical and imaging applica-

tions [5, 6, 19]. Colloidal QDs such as those made of ZnSe, CdS, CdSe, CdTe, and

PbSe emit light over a wide range of wavelengths in the visible and near infrared

(IR) [1, 5, 6, 20–25]. In addition, their broad absorption envelope allows simulta-

neous excitation of several different colors of QDs with a single wavelength, mak-

ing them naturally suitable for multiplexing applications.

QDs conjugated with biomolecular receptors (including proteins, peptides,

DNA) can be used in applications such as detection of soluble substances, imag-

ing, and diagnostics applications. Thus, a successful integration of QDs into any

biotechnological application will necessitate a thorough understanding of these

hybrid systems. The use of QDs in biology has particularly expanded during the
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past five years, with the number of biologically driven reports increasing from a

few in 2000 to a few hundreds in 2005. This clearly reflects the promise of such

technology and its ability to potentially gain new understanding of a variety of

outstanding issues and problems.

In this chapter, we review the progress made in this particular field and provide

a short history outlining what we believe are the most important bio-related devel-

opments. We also provide a critical assessment of the progress made and the

problems encountered. In addition, the currently available techniques to prepare

biocompatible QDs will be discussed, along with advantages and limitations asso-

ciated with those techniques. Finally, an outlook is offered on where the field

should be heading in the near future, and the potential hurdles which might

need to be overcome.

8.1.1

QD Bioconjugates in Cell and Tissue Imaging

The use of luminescent QDs in cellular and in-vivo imaging has, in particular, at-

tracted a tremendous interest [5, 6]. This is driven by the potential benefits of

properties such as strong resistance to photo- and chemical degradation, multi-

color imaging capacity, and high one- and two-photon excitation cross-sections

for use in probing cellular processes, protein tracking and deep tissue imaging

with reduced auto-fluorescence. The high photobleaching threshold of these ma-

terials also allows sample imaging to be collected over long periods of time. In

order to harness some of the potential benefits offered by QDs, however, they

must first be delivered inside the cell cytoplasm.

Several methods have been used to deliver QDs across the membrane of live

cells and into the intracellular medium, with each presenting its advantages and

drawbacks. Endocytosis of QDs allows parallel labeling of large cell populations

using a ‘‘natural’’ and relatively benign process. While QDs capped with carboxy-

terminated ligands have been shown to be nonspecifically endocytosed [26], con-

jugation with cell-penetrating peptides [27, 28] or molecules targeting cell surface

receptors (e.g., folic acid [29], epidermal growth factor; EGF [30], transferrin [31])

were found to greatly improve the delivery efficiency, with reduced incubation

times required. As QD-bioconjugates delivered by this mechanism largely remain

sequestered within endosomes [28], this prohibits their subsequent targeting to

subcellular compartments, or their use for sensing cytoplasmic processes. There

is a slight benefit to this feature, however, as this isolates the nanoparticles (NPs)

from the intracellular machinery and may potentially benefit long-term live cell

imaging, by slowing down the possible cytotoxic activity of QDs. Electroporation

and co-incubation with transfection reagents such as cationic lipids have also

been shown to provide an effective tool for labeling cell cultures, though the re-

agents are often delivered as aggregates [32, 33]. This has not prevented studies

from focusing on cell viability/toxicity [33], but more sophisticated investigations

requiring well-dispersed single QDs are not yet possible using this approach. A

recent report indicates that individual QDs can be delivered into the cytoplasm
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via osmotic lysis of pinocytic vesicles, and used to follow the movement of single

kinesin motors [34]. It is not clear, however, whether this technique could be used

to deliver large numbers of QDs to obtain stronger fluorescence signals. Thus far,

microinjection is the only reported technique which has allowed a homogeneous

cytoplasmic delivery of NPs and their conjugates [32, 35]. QDs conjugated with

specific peptides (namely the family of cell-penetrating peptides derived from

the HIV TAT protein motif ) could be directed to specific subcellular compart-

ments, such as the nucleus and mitochondria [32]. However, this technique is

tedious and requires cells to be injected one at a time. A general conclusion of

these studies is that the nature of the QD coating plays a crucial role in their in-

tracellular stability to prevent aggregate formation [5, 6].

When successfully conjugated to surface receptors, QDs are more readily avail-

able for the effective labeling of cells. In particular, such conjugates have brought

new insights into the motion of individual receptors in live cells [30, 36]. The

high signal and photostability of single QDs allow the tracking of individual pro-

teins for up to 20 minutes, compared to a few seconds for organic dyes [36]. In

addition, their relatively small size does not hinder their movement in confined

spaces, compared to larger metallic or latex particles, where displacement can be

substantially reduced. For example, QDs were used to monitor the diffusion of

glycine receptors at the surface of neuronal cells, and revealed different diffusion

kinetics depending on the receptor localization with respect to the synapse [36].

In another study, QDs conjugated to EGF revealed a previously unreported retro-

grade transport of a receptor to the cell body [30] (Figure 8.1). By using a combi-

nation of EGF-QDs and visible fluorescent protein-tagged receptors, the authors

investigated the relationship between the receptor cellular fate and its dimeriza-

tion and interactions with other receptors. Another important difference between

QDs and organic dyes for single molecule imaging lies in the blinking phenome-

non, whereby the QD photoemission constantly switches between ‘‘bright’’ and

‘‘dark’’ states. Whilst this phenomenon provides a means of distinguishing single

QDs from aggregates, it also represents a limitation, as QDs become spontane-

ously and momentarily unavailable for imaging. For example, one group utilized

this blinking property to unequivocally identify single QD-conjugates (in compar-

ison to small aggregates) and follow their migration with time [36].

The results of several studies have suggested that QDs might also be valuable

in-vivo fluorescent labels. QDs were microinjected into a single Xenopus embry-

onic cell and used to follow its early stage division and development for several

days. In particular, the QDs were shown to be confined to the progeny of this

cell, and their presence did not cause any deleterious effects on cell growth and

division [37]. In another study, five tumor cell populations labeled with different

QD colors, using cationic encapsulation, were injected into the tail vein of mice

and tracked (by multi-photon fluorescence microscopy) as they were extravasated

into the lung tissues [33]. Again, no difference was observed between labeled and

unlabeled cells. As the emission of QDs can be tuned via composition and size,

nanocrystals that emit in the relative tissue-transparent region [near-infrared

(NIR) region; @800–1100 nm) offer increased imaging depth and background
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reduction. Indeed, the injection of NIR QDs permitted real-time mapping of sen-

tinel lymph nodes in animal cancer surgery (Figure 8.2). Moreover, the study ben-

efited from the prolonged imaging capacity offered by QDs, and from their rela-

tively small hydrodynamic sizes which were optimal for lymph node retention

[38]. Ultimately, this demonstration might potentially result in significant im-

provements in cancer surgery techniques.

Despite the remarkable progress made in developing the effective use of QDs

to image cells and cellular processes, there remain several issues to be addressed,

understood, and eventually solved. One major issue is the unavailability of a sim-

ple and general method that allows effective translocation of QDs across the cell

membrane. Fixed cells are often easier to label than live cells because their mem-

brane can be permeabilized without compromising the cellular architecture. This

allows the specific labeling of a wide range of targets, by functionalizing the QDs

with antibodies targeting cell-surface receptors, cytoskeleton components, or nu-

clear antigens [39], or with DNA for in-situ hybridization [40, 41]. The same level

of success has not been achieved with live cells.

The second issue is related to toxicity, which has somewhat limited the enthu-

siasm for QD use despite the large potential, and this problem must be solved if

Fig. 8.1 Retrograde transport of EGF-QDs (red) on filipodia. (A) A431

cell expressing receptor erbB3-mCitrine (green); maximum intensity

projection of four 0.5 mm confocal sections as a function of time.

(B) Magnified image of filipodium indicated in the last panel of (A),

showing uniform migration of the EGF-QDs toward the cell body with a

velocity of@10 nm s�1. All scale bars ¼ 5 mm. (Reproduced from Ref.

[30].)
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QDs are to find wider use among in-vivo studies. This issue is based on concern

that most commonly used QD cores are composed of metals that exhibit toxic

effects (including Cd, Se, Hg, and Te ions). Leakage of such ions into the sur-

rounding tissue and culture is thought to interfere with tissue and cell health

and functions. However, these effects can be reduced by overcoating the core

with other less-toxic metals and by adding a protective hydrophilic coating (e.g.,

a polymer shell). The development of high-quality QDs based on less-toxic mate-

rials is therefore highly desirable.

Another unresolved issue remains the clearance of the QDs from the body if

used in live animals. The processing of injected QDs by organisms remains

poorly understood; preliminary studies have shown that QDs may be cleared

Fig. 8.2 Near-infrared (NIR) QD sentinel

lymph node mapping in a pig. Images of the

surgical field in a pig injected intradermally

with 400 pmol of NIR QDs in the right groin.

Four time points are shown from top to

bottom: before injection (autofluorescence);

at 30 s after injection; at 4 min after

injection; and during image-guided resection.

Images are shown for each time point by

color video (left), NIR fluorescence (middle),

and color-NIR merge (right). To create the

merged image, the NIR fluorescence image

was pseudocolored lime green and

superimposed on the color video image.

(Reproduced from Ref. [38].)
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relatively quickly from the blood circulation, but they potentially accumulate in a

variety of organs (e.g., liver, bone marrow, spleen), depending on their size and

coating [42, 43].

8.1.2

Quantum Dots in Immuno- and FRET-Based Assays

Quantum dots also bring significant advantages to immunoassays, where their

spectral characteristics allow the simultaneous detection of several targets in mul-

tiplexed sensing schemes. The use of QD–antibody conjugates has been demon-

strated in direct and sandwich fluoroimmunoassays [44], and a simultaneous de-

tection of four different toxins in single wells of a microtiter plate was realized

with four different colored QDs [45]. Mixed toxin samples were first applied to

capture antibody-coated wells, followed by exposure to specific antibodies coupled

to different colored QDs. The resulting PL spectrum was then analyzed by linear

spectral deconvolution to identify the toxin sample composition.

Fluorescence resonance energy transfer (FRET) between QD donors and or-

ganic dye-labeled biomolecules is particularly interesting as it allows modulation

of the QD PL signal as a function of the target concentration, thus creating

‘‘active’’ fluorescence probes. Non-radiative energy transfer between colloidal

QDs is well-documented in close-packed films [46, 47]. Subsequent investigations

have since shown QDs to be excellent donors for various bio-inspired FRET-based

studies. In particular, their broad absorption spectra in the blue/UV region allows

excitation far from the acceptor absorption spectrum, and this reduces its direct

excitation contribution to the PL signal. At the same time, their narrow PL spec-

tra provide tunable spectral overlap and simplify data analysis. Furthermore, a QD

can act as both energy donor and nano-scaffold for conjugating several acceptors,

providing increased FRET efficiencies [48].

Different sensing schemes have been recently developed that utilize QDs as

FRET donors. The most straightforward approach consists of labeling the target

with a dye acceptor. Because the FRET process is on the nanometer scale, it only

occurs when the target binds to the QD–receptor conjugate. For example, QDs

conjugated to oligonucleotides have been used to monitor DNA replication in so-

lution using FRET for signal transduction [49]. CdSe-ZnS QDs stabilized with

mercaptopropionic acid were attached to a thiol-terminated DNA primer and in-

cubated with the complementary sequence to induce hybridization. The addition

of polymerase mixed with a complementary DNA sequence labeled with Texas

Red allowed real-time monitoring of the dynamics of DNA replication through

changes in the QD and dye emission signals. Replication of the DNA brings the

dye progressively closer to the QD, resulting in improved FRET efficiency be-

tween the QD and proximal Texas Red acceptors. The obtained data indicate that

the replication process is effectively complete after about 1 hour.

An alternative, recently developed sensing scheme employed FRET to carry

out solution-phase monitoring of proteolytic enzyme activity. QDs were self-

assembled with dye-labeled modular peptides engineered to include a poly-
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histidine tract for conjugation to CdSe-ZnS QDs capped with dihydrolipoic acid

(DHLA), a protease-specific cleavage sequence, and a terminal cysteine group for

dye labeling (Figure 8.3) [50]. In the absence of any proteases, the conjugation of

several copies of dye-labeled peptides to the QDs resulted in a pronounced rate of

FRET, which manifested as a loss of QD emission. Added protease was seen to

cleave the peptide, causing the dye to diffuse away from the QD, thereby altering

the rate of energy transfer and restoring the QD signal. Proteolytic activity was

thus monitored for a variety of proteases, yielding quantitative kinetic parameters

and mechanisms of enzymatic inhibition. These conjugates were also employed

to detect the inhibition of protease activity in the presence of active inhibitors

[50]. Proteases targeted in this demonstration included thrombin, collagenase,

chymotrypsin and caspase-1, all with clinical or analytical use.

Another strategy utilizes FRET to detect competitive binding between a target

and a dye-labeled analogue. In one demonstration, a bioconjugate specific for

the disaccharide maltose was developed using DHLA-capped QDs self-assembled

with maltose-binding protein (MBP) tagged with a terminal polyhistidine tract

(MBP-His) [51]. An analogue sugar (b-cyclodextrin) was chemically attached to

an organic quenching dye, which was then pre-bound to the MBP binding pocket

prior to assembly of the bioconjugate. The close proximity of the dye to the QD

donor created a favorable condition for efficient energy transfer, and this resulted

in effective quenching of the QD PL. The addition of maltose (MBP substrate) to

the solution competitively displaced b-cyclodextrin away from the MBP sugar-

binding site and a substantial (concentration-dependent) recovery of the QD

emission was measured. The response of the nanosensing assembly allowed di-

rect measurement of the MBP-maltose dissociation constant, KD, and showed

that MBP effectively retains its native function when attached to the nanocrystals.

Building on these results, a FRET-based sensing assembly targeting the explosive

trinitrotoluene (TNT) in solution was also developed using a similar rationale

[52]. Efficient rates of FRET combined with specificity for TNT was achieved us-

ing a single-chain antibody fragment (much smaller in size than full antibodies)

that preferentially binds TNT (TNB2-45). As with the maltose sensor, an analogue

substrate (TNB) covalently labeled with a quencher dye (BHQ10) was pre-bound

to the antibody fragment prior to the assay. Due to favorable spectral overlap and

small separation distance between the donor and acceptor, efficient energy trans-

fer between the QD and proximal dye was measured. As TNT was added to the

solution, it competed for binding to the antibody fragment and displaced the

TNB-BHQ10 analogue; this altered the FRET interactions and translated to QD

fluorescence recovery with increasing TNT concentration. Discrimination of the

sensor was verified by testing the assembly against other analogues, and data

showed that specificity for TNT was retained [52].

The utilization of DNA molecular beacons coupled to QDs has also been dem-

onstrated [53, 54]. In the absence of a target, the DNA molecular beacons form a

hairpin structure, bringing the dye-labeled end in close proximity to the QD and

resulting in efficient QD quenching due to FRET interactions. In the presence of

the target, the DNA strand undergoes a conformational change (to an open struc-
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ture) that increases the QD-dye acceptor separation distance, restoring the QD PL

signal. For example, a QD-aptamer biosensor based on this concept has been

demonstrated in the detection of thrombin, an important blood-clotting protein

[54]. In these studies, the FRET efficiency measured for the QD-to-one-acceptor

complex was smaller than those measured with organic dye donors, due to the

large QD size, and this was compensated for by conjugating several molecular

beacons per QD.

Finally, QDs hold great promise for use in developing sensing schemes based

on single-particle FRET (spFRET), notably because of their high photobleaching

threshold and strong resistance to degradation. Indeed, spFRET was recently ap-

plied to detect DNA hybridization at the single molecule level using QD–DNA

conjugates. Two DNA sequences were designed as complementary sequences to

different regions of the target DNA; the first sequence carried an acceptor dye,

and the second a biotin group that allowed conjugation to commercially available

streptavidin-coated QDs. The presence of target molecules initiated a simulta-

neous and parallel hybridization with both the probe and reporter sequences,

which were subsequently conjugated to the QDs (see Figure 8.4) [55]. Single dif-

fusing QD conjugates were then detected using confocal microscopy. The pres-

ence of the target sequence was characterized by measuring the QD-donor-dye-

acceptor emission ratios, and their dependence on the experimental conditions.

Several targets were able to bind to the same QD, which increased the overall

FRET efficiency and resulted in a high local concentration of targets, facilitating

their detection. Furthermore, as QDs could be excited far from the acceptor ab-

sorption spectrum, unbound reporter probes produced extremely low background

levels. This resulted in a significantly increased sensitivity of the QD nanosensor

compared to a conventional organic dye molecular beacon.

Fig. 8.3 (A) Schematic diagram of the self-

assembled QD-peptide nanosensors; for

clarity, only one peptide is shown. Dye-

labeled modular peptides containing

appropriate cleavage sequences are self-

assembled onto the QD. FRET from the QD

to the proximal acceptors quenches the QD

PL. Specific protease cleaves the peptide and

alters FRET signature. (B) Results of assaying

a constant amount of QD-thrombin-quencher

peptide substrate versus increasing thrombin

concentration in the absence (blue) and

presence (red) of 100 nM thrombin inhibitor.

(Adapted from Ref. [50].)
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The main limiting factor in the performance of QD FRET donors lies with their

size. Because FRET efficiency depends on the center-to-center separation between

donor and acceptor, the use of thick polymer coating and/or multilayer conjuga-

tion strategies (e.g., based on streptavidin and biotin) often yields low FRET effi-

ciencies. Successful QD FRET designs most often include very thin solubilization

layers and direct attachment of bioreceptors to the QD surface [48–53].

FRET with QDs using the reverse format with organic dye and QD acceptors

seems to be of limited value [56]. Moreover, strong QD direct excitation often

overwhelms the contribution resulting from FRET. However, efficient energy

transfer from bio- or chemi-luminescent biomolecule donors to QD acceptors

has been reported in two instances [57, 58].

In the first study, QDs were conjugated to bioluminescent proteins Renilla reni-
formis luciferases. In the presence of its substrate coelenterazine, the protein

experiences a transition into an excited state, and then transfers its energy non-

radiatively to the proximal QD. The QD then relaxes to the ground state and

emits a PL signal [57]. These findings open new possibilities for cellular and in-
vivo imaging, as they combine the sensitivity of bioluminescence (absence of

tissue autofluorescence) with the multiplex capability of QDs.

Fig. 8.4 Schematic of single-QD-based DNA nanosensors. (A)

Conceptual scheme showing the formation of a sensing assembly in the

presence of targets. (B) Fluorescence emission from Cy5 on illumina-

tion of QD caused by FRET between QD donor and the Cy5 acceptors

in the assembly. (C) Experimental set-up. (Reproduced from Ref. [55].)
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In the second study, horseradish peroxidase (HRP) conjugated with an anti-

bovine serum albumin (BSA) antibody was added to QD–BSA conjugates [58].

Luminol, the chemiluminescent substrate of HRP, in the presence of the conju-

gates was able to transfer part of its excitation to the QDs. This energy transfer

does not need an excitation light source, but the HRP-luminol reaction requires

the presence of an oxidant, H2O2, which may represent a limitation for cell and

tissue imaging.

8.2

Methods

8.2.1

Synthesis, Characterization, and Capping Strategies

During the early 1990s, it was shown by the Bawendi group [59] – and confirmed

by others [60] – that CdSe QDs with a narrow size distribution (@8–10% as

made) can be prepared using the high-temperature reaction of organometallic pre-
cursors. Distributions can be further improved during post-reaction processing.

This preparation followed on the early advances using micelles, and yielded ma-

terials with highly crystalline NPs and with improved photophysical properties

[e.g., fluorescence quantum yield (QY) and characteristics of the emission spec-

tra]. This reaction scheme initially employed dimethylcadmium (CdMe2) and tri-

octylphosphine selenide (TOP:Se), diluted in trioctylphosphine (TOP) and their

rapid injection into a hot (280–300 �C) coordinating solution of trioctylphosphine

oxide (TOPO). Monitoring of the growth can be carried out using UV/visible spec-

troscopy. When the desired color/size (usually determined from the location of

the first absorption peak) is reached, growth is arrested.

Subsequently, Peng and co-workers have further improved the reaction scheme

and made it less dependent on the purity of the TOPO, and without use of the

pyrophoric CdMe2 precursor [61, 62]. In a series of studies, these authors and

others have eventually outlined the importance of impurities to the reaction prog-

ress, and shown that these impurities can be externally controlled. For this route,

high-purity TOPO and controlled amounts of cadmium coordinating ligands

[such as hexylphosphonic acid (HPA) or tetradecylphosphonic acid (TDPA)]

and cadmium compounds such as cadmium oxide (CdO) or cadmium acetate

[Cd(Ac)2] are used in the reaction; TOP:Se remains the selenium precursor.

During the mid-1990s – and borrowing from the concepts of bandgap engineer-

ing developed in semiconductors physics – it was demonstrated that passivating

the native QD cores with an additional layer made from a wider band gap ma-

terial(s) (to create core-shell nanocrystals) could improve the surface quality and

dramatically enhance the fluorescence quantum yield. The optimal conditions

for creating strongly fluorescent core-shell QDs was detailed in the seminal

studies of Hines et al. [63], Dabbousi et al. [64], and Peng et al. [65]. At this point
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it might be added that the reaction schemes using metal-complexes (e.g., zinc

acetate) as precursors for overcoating have also been attempted by several groups

following Peng’s findings on the core growth.

In order to obtain material with a lower size dispersity, the growth of cores or

core-shell nanocrystals is followed by size-selective precipitation using ‘‘bad’’ sol-

vents (e.g., methanol), which also removes impurities and precipitated metals

from the reaction solution [1, 59]. Repeated precipitations can further reduce the

overall size distribution of the QDs.

8.2.2

Water-Solubilization Strategies

Unless initially grown in an aqueous environment (e.g., using inverse micelle

growth or co-precipitation for some of the reported CdTe nanoparticles), highly

luminescent QDs, prepared using high-temperature routes (capped with

TOP/TOPO ligands), are intrinsically hydrophobic in nature. Consequently,

any use in biology requires that they are made hydrophilic, and several water-

solubilization strategies have been developed with this in mind. The strategies

can be divided into two main categories:
� An approach which involves replacing the native TOP/TOPO

capping shell with bifunctional ligands terminated with

hydrophilic end functions, typically via thiol–metal

interaction. Typical examples of such ligands include

mercaptoacetic acid (MAA) [31], DHLA and poly(ethylene-

glycol)-terminated dihydrolipoic acid (DHLA-PEG) ligands

[35, 66].
� A method which uses encapsulation of the native TOP/

TOPO-capped QDs within amphiphilic polymer shells or

lipid micelles [37, 39]. These polymers usually contain

hydrophobic carbon chains that interdigitate with the TOP/

TOPO and a hydrophilic block that provides water solubility.

In both methods, hydrophilicity is facilitated by the presence of charged groups

(e.g., carboxylic acids) and/or polyethylene glycol (PEG) chains. When used, the

advantages of each strategy must be carefully weighed against the drawbacks, as

each approach is undoubtedly suitable for one range of uses but not for others

[6]; here, the long-term stability and high PL quantum yields should serve as

some guiding factors.

8.2.3

Conjugation Strategies

Conjugation strategies of biomolecular receptors to QDs can essentially be div-

ided into three groups:
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� Use of the EDC (1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide) condensation to react carboxy groups on the

QD surface with amines [16].
� Adsorption or noncovalent self-assembly using engineered

proteins [66].
� Metal-affinity driven self-assembly using thiolated peptides or

polyhistidine (His) residues [49, 51].

As discussed for the water-solubilization above, each conjugation method has

its advantages and limitations. For example, EDC condensation, when applied to

QDs capped with thiol-alkyl-COOH ligands, often produces intermediate aggre-

gates due to poor QD stability in neutral and acidic buffers. Nonetheless, when

applied to QDs encapsulated with polymeric shells bearing functional groups, it

can produce functional but large conjugates with less control over the number of

biomolecules per QD-bioconjugate. This approach was used by Invitrogen (for-

merly QD Corp.) to prepare QD–streptavidin conjugates having @20 proteins.

When using these commercially available QD conjugates to carry out additional

assays using biotin–avidin interactions, care must be paid to the fact that these

QDs will bind all biotinylated proteins indiscriminately. The direct attachment of

proteins/peptides to the QD (using dative thiol-bonding between QD surface ions

and thiol or cysteine-terminated proteins/DNAs, or metal-affinity interactions

using polyhistidine residues) can reduce aggregation, but still requires that the

bioreceptor be engineered with the desired functions before use. We, for example,

have shown that by using polyhistidine-appended proteins, control over the bio-

conjugate valence can be exerted through self-assembly [48, 51].

8.3

Future Outlook

The recent progress made for QD use in biology has clearly proved that they can

offer advantages not realized using organic dye labeling, notably for applications

such as in-vivo cellular and tissue imaging. QDs are very well suited to the devel-

opment of FRET-based (single and multi-channel) assays, and these inorganic flu-

orophores have, by far, not yet exhausted their potential for improving the present

range of assays and expanding the development of intracellular and tissue imag-

ing. Cellular (and tissue) imaging and sensing based on simple one and two-

photon fluorescence and FRET represent the main areas where QDs might

encounter substantial development and expansion. Indeed, the development of

multiplexed (up to 10 colors) assays, both in solution and inside cell cultures,

could benefit from QD high photobleaching thresholds and resistance to degrada-

tion. Issues associated with toxicity (e.g., metallic, magnetic and semiconducting

NPs) will certainly remain a pressing problem that all scientists active in the field

of nanomaterials will continue to investigate and try to overcome. Nonetheless, a
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number of major hurdles must be overcome before progress is achieved, and

these can be summarized as follows:
� To improve the surface properties of QDs, both in organic

and in buffer solutions. This will entail the expansion of

available surface-functionalization techniques, and potentially

consolidate them into an easy-to-use scheme to provide

hydrophilic QDs that are stable over a wide range of

biologically relevant conditions (pH, counterion excess, etc.).
� The conjugation of QDs to biomolecules, which will require a

coordinated effort to develop a simple, reproducible

conjugation scheme that involves reactive surface groups, to

produce compact conjugates that eventually may have

multiple biological functions.
� The development of reproducible and effective means to

deliver QD cargos inside live cells, coupled with an ability to

direct them towards targeted compartments within the

cytoplasm.
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9

Nanoscale Localized Surface Plasmon

Resonance Biosensors

Katherine A. Willets, W. Paige Hall, Leif J. Sherry, Xiaoyu Zhang,

Jing Zhao, and Richard P. Van Duyne

9.1

Overview

The interaction of light with metallic nanoparticles (NPs) has aroused significant

interest in recent years due to demonstrated applications in nanoscale lithogra-

phy [1–3], surface-enhanced spectroscopies [4–9], and chemical and biological

sensing applications [10–14]. In each of these examples, light can be localized,

manipulated, and amplified on the nanometer scale by exciting a collective elec-

tron oscillation in the metallic NPs, known as localized surface plasmon reso-

nance (LSPR). By controlling the size, shape, material and local dielectric envi-

ronment of the NPs, the resonance condition of the plasmon can be tuned

throughout the visible and near-infra-red (IR) ranges [15–21]. It is the latter

property – namely the local dielectric environment – which forms the basis of

LSPR-based biosensing experiments [10, 11, 14, 22–28].

Before discussing LSPR and its applications in detail, the basic physics of plas-

mons will be briefly reviewed [20]. When a metal surface (either bulk or nano-

scale) is irradiated with electromagnetic radiation (light) of the appropriate fre-

quency, a coherent oscillation of the metal’s conduction electrons is induced

orthogonal to the propagation direction of the light. This oscillation is a ‘‘plas-

mon’’, and it can be analyzed as fluctuations in the metal’s surface electron den-

sity or, in other words, as a longitudinal electron density wave. In the case of me-

tallic NPs with sizes less than the wavelength of the incident radiation, this

plasmon is localized on the surface of the NP (in contrast to bulk metal, where

the plasmon can propagate along the surface plane and evanescently decay per-

pendicular to the plane). This principle is illustrated in Figure 9.1, where the elec-

tron cloud of a metallic NP oscillates in phase with the incident electromagnetic

field.

The wavelength at which this resonance occurs depends on a number of factors

related to both the NP itself, as well as its local environment. Typically, gold and

silver NPs are chosen for most LSPR applications, although other metals such as
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aluminum and copper can also support plasmons [29, 30]. The size and shape

of these NPs also dictates the resonance condition; for example, a silver cube

will have a plasmon resonance red shifted relative to a silver sphere of the same

volume [7]. Lastly, the plasmon resonance is affected by the local environment of

the NP – either through the bulk (solvent) refractive index or through the adsorp-

tion of some species to the NP surface [24, 25, 31–33]. By understanding the con-

tributions from each of these factors, it should be possible to design better LSPR

sensors for biosensing applications.

In order to provide a more quantitative description of the relationships de-

scribed above, Mie theory – which models the extinction of a single sphere of ar-

bitrary material – is often used [34]. Mie theory analytically solves Maxwell’s equa-

tions with appropriate boundary conditions in spherical coordinates. In the dipole

limit, where the dimension of the sphere is much smaller than the incident wave-

length (af l), the extinction cross-section, E(l), of a sphere can be estimated by

the following equation:

EðlÞ ¼ 24p2a3e3=2m

l lnð10Þ
ei

ðer þ 2emÞ2 þ e2i

" #
ð1Þ

where a is the radius of the sphere, em is the dielectric constant of the medium

surrounding the sphere, l is the wavelength of the absorbing radiation, and er , ei
are the real and imaginary portions of the sphere’s dielectric function, respec-

tively. From this primitive estimation, it can be seen that the extinction of a single

sphere depends on its size (a), material (er ; ei), and the surrounding environment

(em). For non-spherical particles of arbitrary shape, the extinction cross-section

also depends on their geometry, and this can be modeled by substituting the

term wem for 2em in Eq. (1), where w contains information about the shape and

aspect ratio of a particle of arbitrary geometry [21]. Typically, for these more com-

plicated structures, numerical methods to solve Maxwell’s equation are used in

order to model the optical properties of objects with arbitrary shapes in various

dielectric environments [20]. Two of the most commonly used numerical meth-

ods are the discrete dipole approximation (DDA), and the finite-difference time-

domain (FDTD) method [35, 36]. In these two approaches, the particle of interest

Fig. 9.1 Illustration of the oscillation of conduction band electrons of a

gold nanoparticle with an electromagnetic field, resulting in a localized

surface plasmon.
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is divided into finite elements. In the DDA method, Maxwell’s equations are

solved in the frequency domain, whereas in the FDTD method they are solved

in the time domain. Using these two numerical methods on NPs of various

shapes and sizes leads to different predicted resonances.

Because different shapes can tune the LSPR resonance, a great deal of effort

has been focused on producing NPs of different geometries. In fact, a large num-

ber of protocols has been published for synthesizing both Au and Ag NPs using

various methods, often in the presence of stabilizing surfactants [18, 37–43];

as these syntheses become more refined, particles with well-defined shapes

and narrow size distributions can be produced. Lithographic techniques, such as

electron-beam [44] or nanosphere lithography (NSL) [19], have also been em-

ployed in the fabrication of NPs, especially for large-scale arrays. Figure 9.2 (right

panel) shows an example of an array of nanoscale triangles produced using NSL.

In NSL, a hexagonally close-packed array of polymer spheres is used as a mask

through which metal can be deposited (see Figure 9.2). For sensing experiments,

such NP arrays are often preferred because they allow a large surface area to be

interrogated using a commercially available UV-visible spectrometer; however,

single NP LSPR spectroscopy is also possible and can offer zeptomole sensitivity

[11].

In addition to designing NPs with specific LSPR resonances, as described above,

it is also important for the NPs to provide a large response to changes in their lo-

cal environment. This response can be modeled using Eq. (2), which relates the

shift in the maximum wavelength of the LSPR resonance (Dlmax) to the presence

of an adsorbed species [45]:

Dlmax ¼ mDn 1� exp
�2d

ld

� �� �
ð2Þ

Fig. 9.2 Left: Nanosphere lithographic fabrication of nanoparticle

arrays. Right: Atomic force microgram of nanoparticle array fabricated

with nanosphere lithography.
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Here, m is the refractive index response of the NPs, Dn is the change in refractive

index induced by the adsorbate, d is the effective adsorbate layer thickness, and ld
is the characteristic electromagnetic field decay length (approximated as an expo-

nential decay). The ability to sense the binding of an adsorbate to the NP surface

through a shift in the LSPR resonance is the key principle behind most biosens-

ing experiments, and thus it is critical to design NP systems that offer both large

refractive index responses (m) and short-range electromagnetic field enhance-

ments (small ld). It is this latter term that provides the biggest advantage in using

LSPR versus traditional SPR techniques [28], due to the fact that fields can be

highly localized and confined to small volumes around the NPs.

The remainder of this chapter will focus on methods related to LSPR spectros-

copy for biosensing. Initially, the different NP geometries for both array and sin-

gle particle LSPR experiments are discussed, emphasizing the LSPR response to

changes in the local environment. Subsequently, an example in which LSPR spec-

troscopy has been applied to biosensing – specifically, the detection of an Alz-

heimer’s disease biomarker – will also be provided. Finally, the outlook for LSPR

spectroscopy for biosensing will be examined.

9.2

Methods

9.2.1

Nanofabrication of Materials for LSPR Spectroscopy and Sensing

As described above, there are a number of factors that determine the LSPR prop-

erties of metallic NPs; hence, choosing the correct NP system for biosensing re-

quires an understanding of how NPs of different morphologies respond to con-

trolled changes in their local environment. This is typically characterized by the

refractive index sensitivity, m [see Eq. (2)], although a new figure of merit (FOM)

has recently been introduced to describe the performance of single NPs as sen-

sors of environmental change [46].

FOM ¼ mðeV RIU�1Þ
FWHMðeVÞ ð3Þ

By normalizing m to the full-width-half-maximum (FWHM) of the spectral

peak, NPs of different shapes and sizes can be directly compared.

Recent studies have highlighted several new strategies and techniques for im-

provements in the fabrication and characterization of both NP arrays and single

NPs for LSPR. For example, the NSL-fabricated triangles described above can

be electrochemically oxidized to tune both their size and shape on a length scale

ranging from@1 nm to several tens of nanometers [47]. The particular power of

this approach is that the triangles are preferentially oxidized: first at the bottom
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edges, then at the triangular tips, and finally from the top face, allowing the re-

sponse of LSPR to changes in morphology to be directly correlated. Alternatively,

a novel technique known as atomic layer deposition (ALD) is available for deter-

mining the precise distance-dependence of the local field enhancement [i.e., ld in
Eq. (2)] [48]. Atomic layers of Al2O3 are deposited on NSL-fabricated arrays, and

the shift in the LSPR spectrum is measured as a function of film thickness. Fi-

nally, electron beam lithography is available to determine the effect of diffractive

coupling on the peak position and linewidth of LSPR spectra. By fabricating one-

dimensional (1-D) cylindrical arrays with various interparticle spacing, this cou-

pling can be observed through the emergence of a narrow feature in the extinc-

tion spectrum [49]. Because each of these techniques offers precision control

over NP structure and local environment, parameters affecting the plasmon reso-

nance can be studied in detail.

Beyond using new methods to better understand the relationships between par-

ticle shape, local environment, coupling and the LSPR spectrum, it is also impor-

tant to develop new LSPR materials for use in biosensing experiments. While this

has been a field of active research, with new geometries frequently reported, here

we describe three recent systems that have been characterized in detail. In partic-

ular, the LSPR response of these systems to changes in the local environment –

whether through a bulk refractive index change or interparticle coupling – are

described for each system.

9.2.1.1 Film Over Nanowells

Nanohole or nanowell arrays have recently begun to be analyzed as a new

plasmonic construct since the discovery of enhanced transmission through sub-

wavelength apertures [50–52]. Nanowell structures have been successfully fabri-

cated using reactive ion etching (RIE) through a polystyrene mask (in analogy to

the mask used for NSL), followed by thermal vapor deposition of a 50-nm silver

film (Figure 9.3) [53]. The thickness of the Ag film (dm) was selected to be at least

50 nm to allow for efficient reflectance from the surface. When substrates are not

optically transparent, the wavelength associated with minimum reflectivity (lmin)

provides an alternative measure of the LSPR lmax. This study has revealed that

Fig. 9.3 Schematic illustration of the preparation of the film over

nanowell surfaces, starting from a sphere mask as shown in Figure 9.2

(steps 1–3).
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these nanowells have both extremely narrow plasmon resonances and very strong

wavelength sensitivity to the external dielectric constant (@500 nm RIU�1) [53].

The effect of external dielectric media on the plasmon peak was studied by alter-

ing the surrounding solvent and monitoring the LSPR changes (see Figure 9.4A)

[53]. Figure 9.4B shows plots of [lmin(solvent)� lmin(N2)] for film over nanowell

substrates as a function of the refractive index of the surrounding medium [53].

Within this range of refractive index units (RIU), the data points for the surfaces

fabricated using the same size polystyrene nanosphere can be fitted well to a lin-

ear regression. It is found that the film over nanowell surface using the largest

sphere (D ¼ 590 nm) is the most sensitive to changes in the surrounding refrac-

tive index, followed by D ¼ 510 nm, then D ¼ 450 nm. For the most sensitive

film over nanowell surfaces (D ¼ 590 nm), the linear regression analysis yielded

a refractive index sensitivity [i.e., m from Eq. (2)] of 538 nm RIU�1; this means

that every change of 0.002 in the refractive index of the solvent will produce a

change in the peak position of approximately 1 nm.

9.2.1.2 Solution-Phase NSL-Fabricated Nanotriangles

A novel technique has recently been reported to produce monodisperse solution-

phase NPs by releasing NSL-fabricated surface-confined NPs into solution [54].

The fabrication procedure is illustrated schematically in Figure 9.5 (upper panel).

Surface-bound NSL-fabricated NPs are incubated in an alkanethiol solution to

form a self-assembled monolayer (SAM) on the NPs (steps 1 and 2). Following

Fig. 9.4 (A) A collection of reflectance

spectra of an Ag film over nanowell surface in

different solvents (D ¼ 590 nm, dm ¼ 50

nm). (B) Plots of the [lmin(solvent)� lmin(dry

nitrogen)] versus refractive index of the

solvent for three nanosphere sizes: D ¼
450; 510, and 590 nm. Each datum point

represents the average value obtained from

at least three surfaces; error bars show

standard deviations. For all surface

preparations, dm ¼ 50 nm and etching time

te ¼ 10 min. (Reproduced with permission

from Ref. [53]; 8 2005 American Chemical

Society.)
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Fig. 9.5 Upper: Schematic illustration of the procedure for releasing

NSL-fabricated triangles into solution. Lower: UV-visible extinction

spectra of (A) surface-bound, (B) monomeric solution-phase, and

(C) dimeric solution phase SAM-functionalized, NSL-fabricated Ag

nanoparticles in ethanol. (Reproduced with permission from Ref. [54];

8 2005 American Chemical Society.)

Fig. 9.6 (A) Finite-difference time-domain theory showing the

emergence of a second peak as a single nanocube (90 nm diameter)

approaches a dielectric substrate. (B) Refractive index sensitivity

demonstrated by dark-field scattering spectra in four different dielectric

environments [refractive indices: 1.000297 (black); 1.329 (red); 1.3854

(blue); 1.4458 (green)]. (Reproduced with permission from Ref. [46];

8 2005 American Chemical Society.)
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SAM functionalization, the Ag NPs are released into solution by sonication in

ethanol (step 3). During the releasing process described above, all sides of the re-

leased NPs are coated with SAM, except for the bases of the triangles, which were

in contact with the glass substrate; this allows the NPs to be asymmetrically func-

tionalized. For example, a dithiol linking agent can be added to the NP solution

in order to functionalize the bases, leading to linked NP dimers (step 4). The

formation of solution-phase NP monomers and dimers has been verified using

transmission electron microscopy (TEM) [54].

The optical properties of the surface-bound and solution-phase SAM-

functionalized Ag NPs have been characterized using UV-visible extinction spec-

troscopy, as shown in Figure 9.5 (lower panel). The spectrum of the released NPs

(spectrum B) differs dramatically from that of the particle array on the glass sub-

strate (spectrum A). Two peaks appear in the released NP spectrum – an intense

peak at 418 nm and a weak, broad peak centered at 682 nm. Upon forming the

linked NP dimers, a further change in the UV-visible spectrum of the NP solution

is observed (spectrum C): the high-energy peak shifts from 418 nm to 431 nm

and decreases in intensity, while the low-energy peak at 682 nm shifts to 705 nm

and increases in intensity and peak width. These observations have been ex-

plained using the DDA method, which describes both the origin of the two peaks

as well as the shifts upon dimerization [54]. The ability to asymmetrically func-

tionalize these solution-phase NPs to induce formation of specific targets – such

as NP dimers – is a significant advantage in certain LSPR biosensing experi-

ments, and will be pursued in future applications.

9.2.1.3 Silver Nanocubes

Silver nanocubes prepared by the polyol synthesis [55, 56] offer a unique

plasmonic response when single-particle LSPR spectra are measured on a glass

substrate; namely, there are two plasmon resonance peaks (as in Figure 9.6) [46].

This is because the dielectric symmetry of their environment is broken when they

are placed on a glass substrate. For a NP to yield a new plasmon resonance peak

when it is placed on a dielectric surface, it must satisfy two conditions: (i) its near

fields must be most intense at the polar regions of the NP; and (ii) it must be

thicker than the skin depth of the material (@25 nm for silver) [46].

In order to understand the physical origin of these peaks, FDTD calculations

were performed to model the near-field behavior of the cubes [46]. Figure 9.6A

shows a series of scattering spectra that were generated from calculations in

which the cube is moved progressively closer to a dielectric surface. These spectra

show that the dipole mode associated with the solution spectrum shifts into a

broad peak at 550 nm when the particle closes to within a few nanometers of the

surface. In addition, a blue peak appears at 430 nm that becomes more distinct as

the particle approaches the surface. Figure 9.6B shows experimental data from a

single nanocube in which a change in the local refractive index is accompanied by

a shift in the plasmon resonance of both the high- and low-energy peaks. In par-

ticular, the response of the higher energy peak to the change in refractive index

proves to be more sensitive than the standard dipole resonances of other NPs
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due to the narrow linewidth of this peak – that is, the FOM value is 5.4 [46]. This

suggests that these particles may offer an advantage over other NP geometries for

sensing experiments.

9.2.2

Biosensing

Each of the NP geometries described above – as well as many other NP platforms

– can be used for biosensing experiments in which the binding of a biological tar-

get can induce a measurable shift in the LSPR spectrum. By appropriately func-

tionalizing NP surfaces, LSPR sensors can be designed to detect a variety of bio-

logical and pathogenic molecules, making them a valuable diagnostic tool for the

biomedical industry. The sensitivity of LSPR sensors for a number of biologically

relevant systems has already been demonstrated [14, 23, 26–28, 57, 58]. In this

section, we will describe one of the most important biological applications of the

LSPR sensor to date, namely the detection and diagnosis of a possible biomarker

for Alzheimer’s disease [26, 27].

One hallmark of Alzheimer’s disease is the formation of insoluble protein de-

posits, known as amyloid plaques, in brain tissue. These plaques are formed from

the soluble precursor amyloid beta, a small 39- to 43-amino acid protein that is

present in elevated levels in the brain and cerebral spinal fluid (CSF) of Alz-

heimer’s disease sufferers [59]. Single units of amyloid beta readily assemble into

oligomers of two to 24 units (sometimes referred to as amyloid-b-diffusible ligands,

or ADDLs), and these oligomers themselves exhibit significant neuronal toxicity

[60]. Though not proven, it is increasingly likely that ADDLsmay cause early mem-

ory loss in Alzheimer’s disease [61, 62]. Currently, the diagnosis of Alzheimer’s

disease is made based on symptomatic evidence, there being no diagnostic

method based on the molecular pathology of the disease currently available.

The LSPR sensor, however, represents a promising step towards the molecular

detection of the ADDL biomarker. Antibodies which specifically recognize amy-

loid beta oligomers [63] were covalently attached to a chemical monolayer on an

NSL-fabricated NP surface (Figure 9.7A; step 1). Subsequently, CSF from patients

diagnosed with Alzheimer’s disease or from healthy, age-matched controls was

flowed over the sensor surface (step 2). Any amyloid beta oligomers that re-

mained bound to the antibody-functionalized surface were detected using a sec-

ond capping antibody (step 3), thus completing the ‘‘sandwich’’ assay. By measur-

ing extinction shifts in response to the addition of capping antibody, it was shown

that diseased patients (Figure 9.7C) had significantly higher concentrations of

amyloid beta oligomers than did age-matched controls (Figure 9.7B) [27]. The ex-

periment was repeated using soluble post-mortem brain extract from diseased

and control patients, with similar results [27].

The results from this study not only confirmed the relationship between elevated

amyloid beta levels and Alzheimer’s disease, but also suggested that the LSPR

sensor could be used as an early detection technique for the condition. Moreover,

the sandwich assay described above is broadly generalizable, suggesting that the

LSPR sensors might have applications for other biosensing applications.

9.2 Methods 167



9.3

Outlook

In this chapter, we have described methods related to the fabrication, charac-

terization, and use of NPs for LSPR biosensing experiments. By using novel

techniques such as electrochemistry, atomic layer deposition, and electron-beam

lithography of 1-D arrays, the properties of these NP systems can be explored

Fig. 9.7 (A) Schematic showing the localized

surface plasmon resonance (LSPR) sandwich

assay. Antibodies are linked to a SAM-

covered nanoparticle (step 1). Amyloid-b-

diffusible ligands (ADDLs) are then intro-

duced that bind to the antibodies (step 2).

Finally, a second capture antibody binds

(step 3), completing the sandwich. (B) LSPR

spectra for each step of the assay for an

aging patient: (B-1) 100 nM anti-ADDL (lmax ¼

759:7 nm); (B-2) CSF (lmax ¼ 762:6 nm); and

(B-3) 100 nm anti-ADDL (lmax ¼ 766:9 nm).

(C) LSPR spectra for each step of the assay

for an Alzheimer’s patient: (C-1) 100 nm

anti-ADDL (lmax ¼ 780:6 nm); (C-2) CSF

(lmax ¼ 809:1 nm); and (C-3) 100 nm anti-

ADDL (lmax ¼ 824:5 nm). All measurements

were made in a nitrogen environment.

(Reproduced with permission from Ref. [27];

8 2005 American Chemical Society.)
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in a controlled manner. Moreover, several architectures for LSPR substrates –

including nanowells, released NSL-fabricated nanotriangles and nanocubes –

have been described in detail, with a particular emphasis on their ability to sense

changes in their local environment. Finally, a sensor for the detection of a bio-

marker for Alzheimer’s disease has been demonstrated using human samples.

In comparison to traditional propagating surface plasmon resonance (SPR)

spectroscopy at smooth, thin metal film surfaces, LSPR has been shown to offer

comparable speed and sensitivity [28]. However, unlike SPR, LSPR spectroscopy

allows very small distances to be probed due to the decay in the electromagnetic

field enhancement as one moves away from the NP surface. Moreover, SPR is an

inherently ‘‘bulk’’ technique, whereas LSPR spectra can be measured for individ-

ual NPs, which may offer improvements in both speed and sensitivity. Several

strategies are available to achieve such improvements for both the array and sin-

gle particle formats. In particular, new NP geometries continue to be explored,

with an eye towards narrower LSPR linewidths and better control over lineshapes.

Moreover, the development of new amplification strategies in order to maximize

the wavelength shift upon analyte binding should reduce the limit of detection

into concentration regimes currently inaccessible with this technique. Such strat-

egies include the introduction of secondary labels – such as NPs, enzymes or even

resonant molecules – to the binding assays in order to maximize the wavelength

shift. Lastly, single-particle LSPR is a promising approach, despite current limita-

tions which mean that the spectra cannot be measured rapidly and in parallel.

However, new wavelength-scanning liquid crystal tunable filters may help to over-

come this issue. Thus, LSPR promises to remain competitive as a technique for

biological sensing applications.
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10

Cantilever Array Sensors for Bioanalysis and

Diagnostics

Hans Peter Lang, Martin Hegner, and Christoph Gerber

10.1

Overview

In recent years there has been an increasing demand for miniaturized, ultrasen-

sitive and fast-responding sensors for applications in biochemistry and medicine.

The main requirement is rapidly to obtain reliable qualitative and quantitative

data.

Sensors are transducers that respond to a change in a physical parameter and

transform one form of energy into another (Figure 10.1). Although many sensors

are electrical or electronic devices, some may be electrochemical (pH probe), elec-

tromechanical (piezoelectric actuator, quartz, strain gauge), electroacoustic (gram-

ophone pick-up, microphone), photoelectric (photodiode, solar cell), electromag-

netic (antenna, photocell), magnetic (Hall-effect sensor, tape or hard-disk head

for storage applications), electrostatic (electrometer) or thermoelectric (thermo-

couple, thermo-resistors). In this chapter we focus only on mechanical sensors,

which respond mechanically to changes in an external parameter such as tem-

perature or molecule adsorption, the mechanical response being bending or

deflection.

Mechanical sensors consist of a fixed part and also a movable part, such as a

thin membrane, a plate or a beam, which is fixed at one or both ends. Here, we

will concentrate on cantilevers, which are microfabricated rectangular bar-shaped

structures that are supported only at one end. The structures are longer than they

are wide, and their thickness is much less than either their length or width. Can-

tilevers with a sharp tip have been used for almost two decades to image the

surface topography of non-conducting samples with subnanometer accuracy in

atomic force microscopy (AFM), which was invented during by the mid-1980s by

Binnig, Quate and Gerber [1]. Beyond the imaging of surfaces, cantilevers with-

out tips are used as nanomechanical sensors to measure adsorption or desorption

processes on their surface.
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10.1.1

Cantilevers as Sensors

The use of beams of silicon as sensors by measuring deflections or changes

in resonance frequency was first described during the late 1960s, when Wilfinger

et al. [2] investigated large silicon cantilever structures of 50� 30� 8 mm for de-

tecting resonances. These authors used localized thermal expansion in diffused

resistors (piezoresistors) located near the cantilever support to create a tempera-

ture gradient for actuation of the cantilever at its resonance frequency. Similarly,

the piezoresistors could also be used to sense mechanical deflection of the canti-

lever. Later, in 1971, Heng [3] fabricated gold cantilevers that were capacitively

coupled to microstrip lines for the mechanical trimming of high-frequency oscil-

lator circuits. In 1979, Petersen [4] constructed cantilever-type micromechanical

membrane switches in silicon that should have filled the gap between silicon

transistors and mechanical electromagnetic relays, while in 1985 Kolesar [5] sug-

gested the use of cantilever structures as electronic detectors for nerve agents.

The easy availability of microfabricated cantilevers for AFM [1] triggered a

number of research investigations into the use of cantilevers as sensors. In 1994,

Itoh et al. [6] presented a cantilever coated with a thin film of zinc oxide, and pro-

posed piezoresistive deflection readout as an alternative to optical beam-deflection

readout. Later, Cleveland et al. [7] reported the tracking of cantilever resonance

Fig. 10.1 The principles of sensor transduc-

tion. Analyte molecules in the environment

are recognized by the sensing layer of the

sensor. The recognition may either be very

specific (i.e., recognition sites on immobilized

ligand molecules recognize the analyte

molecules), or it may be partially specific (i.e.,

analyte molecules diffuse into a polymeric

layer). Molecule binding may be transduced

into a recordable signal by various trans-

duction mechanisms. Subsequently, the

acquired signal is further amplified and

processed.
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frequency to detect nanogram changes in mass loading when small particles

are deposited onto AFM probe tips. Thundat et al. [8] showed that the resonance

frequency, as well as the static bending of microcantilevers, is influenced by

changing ambient conditions (e.g., moisture adsorption), and that the deflection

of metal-coated cantilevers could be further influenced by thermal effects (e.g.,

the bimetallic effect). Gimzewski et al. [9] also showed preliminary chemical

sensing applications, in which static cantilever bending revealed chemical reac-

tions with very high sensitivity. Later, Thundat et al. [10] observed changes in the

resonance frequency of microcantilevers due to the adsorption of analyte vapor

onto exposed surfaces, with the frequency changes occurring due to mass loading

or adsorption-induced changes in the cantilever spring constant. However, by

coating the cantilever surfaces with hygroscopic materials (e.g., phosphoric acid

or gelatin), the cantilever could sense water vapor at picogram mass resolution.

10.1.2

Measurement Principle

The deflection of individual cantilevers can easily be determined using optical

beam-deflection electronics, as are common in AFM instrumentation. Unfortu-

nately, single cantilever responses can be prone to artifacts such as thermal drifts

or unspecific adsorption, and for this reason the use of passivated reference canti-

levers is preferable. The first use of cantilever arrays with sensor and reference

cantilevers (see Figure 10.2) was reported in 1998 [11], and this represented sig-

nificant progress for the understanding of true (difference) cantilever responses,

as a possible response of a reference cantilever is subtracted. A scanning electron

microscopy image of a microfabricated cantilever array is shown in Figure 10.3.

The cantilever surfaces serve as sensor surfaces, and allow the processes taking

place on the surface of the beam [9] to be monitored with unprecedented accu-

racy, in particular the adsorption of molecules. The formation of molecular layers

on the cantilever surface will generate surface stress, and this will eventually re-

sult in a bending of the cantilever, provided that the adsorption occurs preferen-

tially on one surface of the cantilever. Adsorption is controlled by coating one sur-

face (typically the upper surface) of a cantilever with a thin layer of a material that

Fig. 10.2 Schematic drawing of an array of cantilever beams without

tips for use as cantilever sensors. Cantilevers coated with a sensitive

layer to detect the target molecules are called ‘‘sensor’’ cantilevers

(white); those coated with a passivation layer inert to target molecules

are called ‘‘reference’’ cantilevers (black).
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exhibits affinity to the molecules to be detected (sensor surface); this surface of

the cantilever is referred to as the ‘‘functionalized’’ surface (Figure 10.4). The

other surface of the cantilever (typically the lower surface) may be left uncoated

or perhaps modified with a passivation layer; this may be a chemical surface that

does not exhibit significant affinity for the molecules in the environment to be

detected. In order to enable functionalized surfaces to be established, a metal

layer is often evaporated onto the surface designed as sensor surface. For this,

metal surfaces – such as gold – may be used as a platform to covalently bind a

Fig. 10.3 Scanning electron microscopy image of a microfabricated

silicon cantilever array. (Illustration courtesy IBM Research GmbH,

Zurich Research Laboratory, R€uuschlikon, Switzerland.)

Fig. 10.4 Schematic representation of a cantilever sensor func-

tionalized at its upper side with probe receptors for recognition of

target molecules from the environment. The lower side of the cantilever

sensor is passivated (i.e., coated with a layer that is inert to target

molecules).
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monolayer representing the chemical surface that is sensitive to the molecules to

be detected. Frequently, a monolayer of thiol molecules covalently bound to a gold

surface is applied. The gold layer is also favored for use as a reflection layer if the

bending of the cantilever is read out via an optical beam-deflection method.

Given a cantilever coated with gold on its upper surface and left uncoated on its

lower surface (consisting of silicon and silicon oxide), the adsorption of thiol mol-

ecules will take place on the upper surface of the cantilever, and this will result

in a downward bending of the cantilever due to the formation of surface stress.

This process is termed ‘‘development of compressive surface stress’’, because the

forming self-assembled monolayer produces a downward bending of the cantile-

ver (away from the gold coating). In the opposite situation, when the cantilever

bends upwards, we would speak of tensile stress. If both the upper and lower

surfaces of the cantilevers are involved in the reaction, then the situation will

be much more complex, as a predominant compressive stress formation on the

lower cantilever surface might appear as tensile stress on the upper surface. For

this reason, it is of utmost importance that the lower cantilever surface is passi-

vated in order that, ideally, no adsorption processes take place on the lower sur-

face of the cantilever.

Single microcantilevers are susceptible to parasitic deflections due to thermal

drift or chemical interaction of a cantilever with its environment, especially if the

cantilever is operated in a liquid. Then, a baseline drift is often observed during

static mode measurements. Moreover, nonspecific physisorption of molecules on

the cantilever surface or nonspecific binding to receptor molecules during mea-

surements may contribute to the drift. For these reasons, the use of cantilever ar-

rays with a sensor and a passivated reference cantilever is highly recommended.

10.1.3

Cantilevers: Application Fields

Cantilever array sensors can be operated in a variety of environments, including

air, high relative humidity or liquid, for the detection of specific biochemical reac-

tions. Various ways of detecting the bending of the cantilever are possible, such

as piezoresistive or piezoelectric detection. However, these detection methods are

disadvantaged in that a protection layer (e.g., silicon nitride) must be applied to

the cantilever to prevent contact electrode degradation of the read-out device

when electrochemically conductive solutions such as salt-containing physiological

buffers are used. No degradation problems exist, however, if the cantilever deflec-

tion read-out is determined via optical beam deflection. For this reason, many re-

search groups use laser diodes to measure cantilever deflections.

A schematic set-up for cantilever deflection measurement in a liquid is shown

in Figure 10.5. An array of eight vertical cavity surface emitting lasers (VCSELs)

and a position-sensitive detector (PSD) are used for the optical beam deflection

measurement of bending or oscillation of each cantilever separately, in a time-

multiplexed manner. The cantilever array is mounted in a liquid cell, and liquids

are pumped by a waste syringe from reservoirs and a six-way valve through the

measurement chamber.
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Cantilever sensors have been used over a broad range of application areas, and

some uses of microcantilever sensors will be described briefly in the following

sections. Some of the earliest reported uses involve the adsorption of alkyl thiols

onto gold [13, 14], the detection of mercury vapor and relative humidity [15], of

dye molecules [16], monoclonal antibodies [17], sugars and proteins [18], solvent

vapors [19–22] and fragrance vapors [23], as well as the pH-dependent response

of carboxy-terminated alkyl thiols [24], label-free DNA hybridization detection [25,

26], and biomolecular recognition of proteins relevant to cardiovascular diseases

[27]. For some more recent reviews, the reader is referred to Refs. [28–31].

10.2

Methods

10.2.1

Measurement Modes

In analogy to AFM, a variety of operating modes for cantilevers have been de-

scribed. For example, the measurement of static deflection upon the formation

Fig. 10.5 Schematic of the measurement set-up for a liquid

environment. The vertical cavity surface emitting laser (VCSEL) light

sources are switched on and off in a time-multiplexed manner to

facilitate the determination of deflection of each cantilever sensor

separately.
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of surface stress during adsorption of a molecular layer is termed ‘‘static mode’’

(Figure 10.6A). In 1994, Ibach investigated cantilever-like structures to study

adsorbate-induced surface stress [12], while surface-stress induced bending of

cantilevers during the adsorption of alkanethiols on gold was reported by Berger

et al. in 1997 [13]. Cantilever-based sensors can be operated not only in the static

mode but also in a dynamic oscillatory mode, corresponding to non-contact AFM.

In the ‘‘dynamic mode’’ (Figure 10.6B), a cantilever is oscillated at its resonance

frequency and monitored for changes in resonance frequency that are dependent

on molecule adsorption onto or desorption from the cantilever surface. This

technique was described by Cleveland and colleagues [7], who calculated mass

changes from shifts in the cantilever resonance frequency due to tiny tungsten

particle spheres attached to the apex of the cantilever. A third mode of operation

is the so-called ‘‘heat mode’’ (Figure 10.6C), pioneered by Gimzewski et al. [9].

These authors took advantage of the bimetallic effect that results in the bending

of a metal-coated cantilever when heat is produced on its surface. Based on this

effect, a miniaturized calorimeter was constructed with picojoule sensitivity [32,

33].

Further operating modes exploit physical effects such as the production of heat

from the absorption of light by materials deposited on the cantilever (photother-

mal spectroscopy; Figure 10.6D) [34], or cantilever bending due to electric (Figure

10.6E) or magnetic (Figure 10.6F) forces.

10.2.2

Cantilever Functionalization

It is essential that the surfaces of the cantilever are coated in the correct manner

in order to provide suitable receptor surfaces for the molecules to be detected.

Such coatings should be specific, homogeneous, stable, reproducible, and either

Fig. 10.6 Overview of the various cantilever sensor operation modes.

(A) Static mode; (B) dynamic mode; (C) heat mode; (D) photothermal

spectroscopy; (E) detection of charges; (F) detection of magnetic

forces.
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reusable or designed for single use only. For static mode measurements, one side

of the cantilever should be passivated for blocking unwanted adsorption. Often,

the cantilever’s upper side – the sensor side – is coated with a 20 nm-thick layer

of gold to provide a platform for the binding of receptor molecules (e.g., via thiol

chemistry), whereas the lower side is passivated using silane chemistry for cou-

pling an inert surface such as polyethylene glycol silane (see Figure 10.4).

There are numerous ways to coat a cantilever with molecular layers – some

are simple, but others are more advanced. It is very important that the method

of choice is fast, reproducible, reliable and allows one or both cantilever surfaces

to be coated separately.

The simple methods include thermal or electron-beam-assisted evaporation of

material, electrospray, or other standard deposition methods. The disadvantage

of these methods is that they are predominantly suitable for coating large areas,

but not for individual cantilevers in an array, unless shadow masks are used to

protect the areas that are to remain uncoated. The problem is that such masks

need to be accurately aligned with the cantilever structures, and this is a very

time-consuming process.

By skillful handling, however, tiny particles such as zeolite single crystals can

be placed manually onto the cantilever to provide a functional surface [9, 20, 32,

35–37]. A molecule layer on a cantilever may also be formed by directly pipetting

solutions of the probe molecules onto the upper surface of the cantilevers [19], or

by air-brush spraying the molecules through shadow masks to coat each cantile-

ver separately [20]. All of these methods suffer from a lack from limited reprodu-

cibility, and are also very time-consuming if a large number of cantilever arrays

has to be coated.

Another strategy for coating cantilevers takes advantage of microfluidic net-

works (mFN) [38]. These are microfabricated structures of channels and wells,

etched several tens to several hundreds of micrometers deep into the silicon

wafers. The wells can be easily filled using a laboratory pipette, so that the fluid

containing the probe molecules for cantilever coating flows through the channels

towards openings at the edge of the mFN. Their pitch matches the distance be-

tween individual cantilevers in the array (see Figures 10.7A and 10.8A).

The cantilever array is then inserted into the open channels of the mFN that are

filled with a solution of the probe molecules. Incubation of the cantilever array in

the channels of the mFN takes from a few seconds (self-assembly of alkanethiol

monolayers) to several tens of minutes (coating with protein solutions). To pre-

vent evaporation of the solutions, the channels are covered by a slice of poly-

dimethyl-siloxane (PDMS). In addition, the mFN may be placed in an environ-

ment of saturated vapor of the solvent used for the probe molecules to avoid

drying out of the solutions.

A modification of this approach is insertion of the cantilever array into an array

of dimension-matched disposable glass capillaries. The outer diameter of the

glass capillaries is 240 mm, so that they can be placed neatly next to each other

to accommodate the pitch of the cantilevers in the array (250 mm). Their inner

diameter is 150 mm, allowing sufficient room to insert the cantilevers (width:
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100 mm) safely (Figures 10.7B and 10.8B). This method has been successfully ap-

plied for the deposition of a variety of materials onto cantilevers, such as polymer

solutions [20], self-assembled monolayers [24], thiol-functionalized single-

stranded DNA oligonucleotides [26], and proteins [27].

All of the techniques previously described require manual alignment of the

cantilever array and functionalization tool, and are therefore not suitable for coat-

ing large numbers of cantilever arrays. One method which is appropriate for coat-

ing many cantilever sensor arrays in a rapid and reliable manner is inkjet spot-

ting [39, 40] (Figures 10.7C and 10.8C). An x-y-z positioning system allows a

fine nozzle (capillary diameter: 70 mm) to be positioned with an accuracy of ap-

proximately 10 mm over a cantilever. Individual droplets (diameter: 60–80 mm, vol-

ume 0.1–0.3 nL) can then be dispensed individually by means of a piezo-driven

ejection system in the inkjet nozzle. When the droplets are spotted with a pitch

smaller than 0.1 mm, they merge and form continuous films. Thus, by adjusting

the number of droplets deposited on the cantilevers the resultant film thickness

Fig. 10.8 Optical microscopy images of cantilever sensor arrays being

functionalized using various methods: (A) microfluidic network;

(B) microcapillaries; (C) inkjet.

Fig. 10.7 Methods for cantilever sensor functionalization. (A) Insertion

of the cantilever array in the channels of a microfluidic network covered

with a slice of poly-dimethyl-siloxane (PDMS). (B) Insertion of the

cantilever sensor array in the microcapillaries filled with a solution of

probe molecules to be adsorbed onto the cantilever sensor surface.

(C) Individual coating of each cantilever sensor with the nozzle of an

inkjet liquid-dispensing device. mFN ¼ microfluidic network.
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can be controlled precisely. The inkjet-spotting technique allows a cantilever to

be coated within seconds, and yields very homogeneous, reproducibly deposited

layers of well-controlled thickness. Using this approach, successful coating of

self-assembled alkanethiol monolayers, polymer solutions, self-assembled DNA

single-stranded oligonucleotides [40] and protein layers has been demonstrated.

In conclusion, inkjet spotting has proved to be a very efficient and versatile

method for functionalization that can even be used to coat arbitrarily-shaped sen-

sors, both reproducibly and reliably [41, 42].

10.2.3

Experimental Procedure

An actual experiment in gas phase proceeds as follows (see Figure 10.9A). A can-

tilever array functionalized with a different polymer layer on each of the cantile-

vers is placed in the measurement chamber. First, the measurement cell with the

cantilever array is purged with dry nitrogen gas. When a stable baseline has been

achieved, dry nitrogen is guided through the headspace of a vial containing the

analyte solution to be investigated. The gas stream is saturated with the vapor in

the analyte headspace. By mixing the analyte-saturated gas stream with dry nitro-

gen, the analyte concentration can be adjusted. The gas mixture is then guided

into the measurement chamber, where the reaction takes place, resulting in bend-

ing of the cantilevers. The numbers in Figure 10.9A refer to the bending profile

of each cantilever. When the cantilever response is completed, the measurement

chamber is purged with dry nitrogen until a stable baseline is reached, where-

upon the set-up is ready again for further experiments. The cantilevers deflect

due to diffusion of target molecules into the polymer layers; this produces a

swelling of the polymers coating and, in turn, bending of the cantilever.

The procedure of a typical experiment in a liquid environment is shown in

Figure 10.9B. A cantilever array functionalized with probe molecules in placed

in the measurement chamber. First, the liquid cell containing the cantilever array

is filled with buffer. A consecutive injection of buffer produces an injection peak

Fig. 10.9 Typical experimental curves for (A) measurement with

cantilever array sensors in gas phase and (B) in liquid environment.
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due to pressure changes, but after short time a stable baseline is achieved again.

The solution with the target molecules is then injected, whereupon the cantile-

vers deflect due to the reaction of the target molecules with the probe molecules;

this results in the formation of surface stress and bending of the cantilevers.

Only the cantilever functionalized with probe molecules matching a recognition

site on the target molecules in solution (sensor 1) shows a net bending signal,

whereas the passivated reference cantilevers (Ref 1 and Ref 2) show a much

smaller response, if at all. When the reaction has taken place, the chamber is

purged with buffer until a stable baseline is reached. From the deflection data dis-

played in Figure 10.9B it is clear that no conclusive result can be deduced from

individual cantilever responses only, as both the sensor and reference cantilevers

might show a bending response. However, from the difference in deflection re-

sponses of the probe and reference cantilever, a clear net deflection signal is

determined (difference measurement). The conclusion is that it is absolutely

mandatory to use at least two cantilevers in an experiment – a reference cantilever

and a sensor cantilever – in order to be able to overcome any undesired artifacts

such as thermal drift or unspecific adsorption.

Typical measurements in gas phase involve solvent vapor measurements

and the use of cantilever arrays as an artificial nose [11, 19, 20, 22, 23], as well

as adsorption studies of molecules onto a surface, such as alkanethiols on gold

[13, 14], or the detection of humidity [8] or mercury vapor [10]. One particularly

promising use is that of molecular recognition phases for the detection of organic

vapor mixtures [43].

The potential for measurements in liquids is dominated by biochemical appli-

cations, such as the monitoring of hybridization of single-strand DNA molecules

with their complements with single base mismatch accuracy at low picomolar

concentration range [25, 26], the detection of proteins and biomarkers using

highly specific key-lock processes (e.g., for immunoglobulin antibodies) [25], heart

attack biomarkers [27], prostate-specific antigen [44], and specific protein confor-

mations of the human estrogen receptor [45]. In the field of antibody detection,

the present authors recently demonstrated the biomolecular recognition of

single-chain fragment (scFv) antibodies that had been immobilized on the canti-

lever surface in well-defined orientation with respect to the substrate in order to

enhance the accessibility of the receptor. Based on the concentration-dependence

data obtained, the estimated sensitivity limit was seen to be as low as 1 nM [46].

In dynamic mode in liquid, we observed coupling of streptavidin-coated latex

spheres (diameter 250 nm) to the biotin-functionalized cantilever surface [47].

The detection of 7 ng of latex spheres has been reported for dynamic mode mea-

surement in a physiological buffer. Furthermore, we were able to measure protein

interaction with double-stranded DNA oligonucleotides; two different DNA bind-

ing proteins – the transcription factors SP1 and NF-kB (which play important

roles in protein production and gene expression) were investigated in parallel

using cantilever array sensors [48]. Microcantilever arrays can also be used in dy-

namic mode to monitor the growth of bacteria and fungi by measuring increases

in their weight [49, 50]. Advantageously, the cantilever technique yields results
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much more quickly than observing bacterial growth in a Petri dish, or by using

optical absorption (turbidimetric) methods.

In summary, cantilever array sensors have been identified as versatile tools that

can be applied to a broad variety of detection problems, notably as the sensitive

coating layer can be selected according to the problem encountered.

10.3

Outlook

The applications of cantilever array sensors are manifold, and include gas sens-

ing, quality control monitoring of chemicals, food and air, as well as process mon-

itoring and control, to name a few examples. As an artificial nose, cantilever array

sensors can characterize odors and vapors and may be used to assist fragrance de-

sign. Due to its extremely high sensitivity, the technique has a large potential to

be applied for drugs and explosives detection, as well as for forensic investiga-

tions. Moreover, in a liquid environment the major applications are in biochemi-

cal analysis and medical diagnosis.

10.3.1

Recent Literature

During the past year the field of cantilever-based sensors has become increasingly

diverse, as can be ascertained from the following literature overview. Although

this selection of articles is far from complete, it reflects the current trends of re-

search in the field.

For measurements in a gaseous environment, a sensor application in dynamic

mode of piezoelectric cantilevers for an ultrasensitive nanobalance has been re-

ported [51]. Elsewhere, micromolded plastic microcantilevers have been proposed

for chemical sensing [52], as well as micromachined silicon microcantilevers

for gas sensing applications with capacitive read-out [53]. In chemical sensing,

ligand-functionalized microcantilevers for characterization of metal ion sensing

have been presented [54], whilst an array of flexible microcantilever beams has

been used to observe the action of rotaxane-based artificial molecular muscles

[55].

The importance of homeland security is discussed in Ref. [56], where electro-

statically actuated resonant microcantilever beams in complementary metal-oxide

semiconductor (CMOS) technology are applied for the detection of chemical

weapons. An integrated sensor platform for homeland defense based on silicon

microcantilevers is described in Ref. [57], while in electrochemistry microcantile-

vers have been used to measure redox-induced surface stress [58], and a differen-

tial microcantilever-based system for measuring surface stress changes induced

by electrochemical reactions has also been presented [59].

Many recent reports relate to biochemical applications, and several strategies

for biochemical detection using microcantilevers are summarized in Figure
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10.10. Recent reports also include a label-free immunosensor array using single-

chain antibody fragments [46], and a label-free analysis of transcription factors

using microcantilever arrays [48]. Microcantilevers modified by horseradish per-

oxidase intercalated nano-assemblies have been used for hydrogen peroxide detec-

tion [60], and for the detection of cystamine dihydrochloride and glutaraldehyde

[61, 62]; a back-propagation artificial neural network recognition study of analyte

species and concentration has also been reported [63]. Cantilever sensors for

nanomechanical detection have been used for the observation of specific protein

conformation changes [45]. Similarly, in the field of DNA hybridization detection,

the chemomechanics of surface stresses induced by DNA hybridization have

been studied [64], while the grafting density and binding efficiency of DNA and

proteins on gold surfaces has been characterized and optimized [65]. An electro-

static microcantilever array biosensor has been applied for DNA detection [66],

and microcantilever sensors for DNA hybridization reactions or antibody–antigen

interactions without the use of external labels have been tested in dynamic mode

[67].

In the realms of diagnostics, an immunoassay of prostate-specific antigen

(PSA) which exploits the resonant frequency shift of piezoelectric nanomechani-

cal microcantilevers has been reported [68], as well as phospholipid vesicle ad-

sorption measured in situ with resonating cantilevers in a liquid cell [69]. Micro-

cantilevers have also been used to detect Bacillus anthracis [70], while glucose

oxidase multilayer-modified microcantilevers have been used to monitor glucose

solutions in the nanomolar range [71].

Fig. 10.10 Methods for detecting

biomolecules and biosystems using micro-

cantilevers. Biochemical recognition or

adsorption should result in a change of

surface stress and steric effects to be

observable, as it is transduced into

mechanical motion. The closer to the

cantilever surface the surface stress change

occurs, the easier it is to observe. (A) DNA

hybridization; (B) antigen detection using

antibodies immobilized on the cantilever

surface; (C) antibody recognition using

antigens bound to the surface; (D) detection

of transcription factors using double-stranded

DNA molecules containing a recognition

sequence; (E) adsorption of lipid bilayer

vesicles; (F) detection of viruses.
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Much effort has been placed in optimizing the cantilever sensor method, and a

dimension-dependence study of the thermomechanical noise of microcantilevers

has been conducted to determine the minimal detectable force and surface stress

[72]. Furthermore, the geometric and flow configurations for enhanced microcan-

tilever detection within a fluidic cell have been investigated [73]. A microcapillary

pipette-assisted method to prepare polyethylene glycol-coated microcantilever

sensors has been suggested [74], and the role of material microstructures in plate

stiffness with relevance to microcantilever sensors has also been investigated [75].

Double-sided surface stress cantilever sensors for more sensitive cantilever sur-

face stress measurement have been proposed [76].

Modified cantilever sensor techniques involve a biosensor based on magneto-

strictive microcantilevers [77], piezoelectric self-sensing of adsorption-induced

microcantilever bending [78], optical sequential readout of microcantilever arrays

for biological detection by scanning the laser beam [79], and cysteine monolayer-

modified microcantilevers to monitor flow pulses in a liquid [80]. The photother-

mal effect has been used to study dynamic elastic bending in microcantilevers

[81]. For dynamic mode, the temperature- and pressure-dependence of resonance

in multi-layer microcantilevers has been investigated [82], and the inaccuracy in

the detection of molecules discussed [83].

The influence of surface stress on the resonance behavior of microcantilevers

in higher resonant modes has been studied [84], and an alternative solution

has been proposed to improve the sensitivity of resonant microcantilever chemi-

cal sensors by measuring in high-order modes and reducing dimensions [85]. A

modal analysis of microcantilever sensors with environmental damping has been

reported [86]. Theoretical studies have also been conducted on the simulation of

adsorption-induced stress of a microcantilever sensor [87], the influence of nano-

bubbles on the bending of microcantilevers [88], the modeling and simulation of

thermal effects in flexural microcantilever resonator dynamics [89], and on sur-

face stress effects related to the resonance properties of cantilever sensors [90].

Furthermore, in a very recent review, the nanotechnologies for biomolecular de-

tection and medical diagnostics have been discussed [91].

10.3.2

Challenges

Although cantilever array sensors might represent one of the answers to increas-

ing demands over recent years for miniaturized, ultrasensitive, and fast-response

sensors for use in gas detection, surveillance, and in biochemistry and medicine,

there are several shortcomings to this technique. The need to focus a laser beam

onto the apex of each cantilever in an array requires the development of pre-

alignment strategies, and these will become increasingly difficult as the number

of sensors rises. The integration potential of piezoresistive or piezoelectric types

of cantilevers is much higher than that of the optical beam-deflection technique,

as no alignment is necessary. On the other hand, the operation of electrically

actuated piezoresistive or piezoelectric cantilevers in electrolytic liquids (e.g., bio-

chemical salt solutions and buffers) represents a major challenge and requires

188 10 Cantilever Array Sensors for Bioanalysis and Diagnostics



additional effort to develop a passivation layer such that piezoelectric or piezo-

resistive cantilevers can withstand electrochemical etching effects for at least a

couple of hours during a biochemical experiment.

Another issue is that while the periphery required for measurements involving

cantilever array sensors remains bulky, the cantilever array sensors themselves

are tiny, microfabricated structures (see Figure 10.5). The system for liquid sam-

ple selection, guiding and flow control is based on standard laboratory equip-

ment-sized instrumentation. In Figure 10.11, two suggestions are illustrated as

to how liquid sample management might be optimized using microfluidics and

miniaturization. The downscaling problem still persists for the optical readout,

as there is no currently available method to shrink the optical beam deflection

detection.

Even if the cantilever sensor array is a microfabricated part, its size will most

likely eventually limit further miniaturization of the periphery. Thus, in theory

the use of nanocantilevers that are a few hundred nanometers long and a few

tens of nanometers thick will lead to drastic improvements in their performance

[92, 93]. The practical use of these nano-instruments will be very complicated,

however, and revolutionary ideas will be needed to obtain efficient read-outs of

their microscopic deflections.
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11

Shear-Force-Controlled Scanning Ion

Conductance Microscopy

Tilman E. Schäffer, Boris Anczykowski, Matthias Böcker,

and Harald Fuchs

11.1

Overview

In multicellular organisms structures such as endothelial or epithelial cell layers

form the interface between different fluid compartments, and play an important

role for inter- and transcellular processes [1, 2]. Gaining insight into the complex

barrier-crossing transport mechanisms is a common interest of cell biology, med-

icine, and pharmacology, as malfunctioning of these barriers leads to pathological

implications. In particular, knowledge about the permeability of barriers for sub-

stances such as drugs is highly relevant.

Hence, special electrochemical and microscopic methods are required to study

the ion-permeability of barrier-forming cell structures. For example, experimental

techniques such as the measurement of transepithelial electrical resistances

(TER) provide valuable information about the barrier properties of cell layers [3–

5]. In addition to such integrating measurements of the total cell layer imped-

ance, there is a need for complementary microscopic methods which can provide

additional information concerning topography and local ion conductance, as well

as mechanical, optical, electrical or chemical properties, with spatial resolution

down to the nanometer level. Today, these requirements are met by the variety of

scanning probe microscopes currently available.

The first scanning tunneling microscope (STM) was constructed by Binnig,

Rohrer and coworkers [6] in 1981, and these authors were awarded the Nobel

Prize in 1986 for their achievement. This in turn triggered the development of a

large family of new microscopes – the so-called scanning probe microscopes

(SPM) – all of which are based on a small, locally confined probe that is sensitive

to various physical quantities. The most prominent members of the group are the

scanning near-field optical microscope (SNOM) [7] and the atomic force micro-

scope (AFM) [8]. One of the main applications of the AFM is to create high-

resolution topographic images of surfaces in different environmental conditions

(including aqueous buffer solution), which makes it well suited to biological
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applications [9]. Several related SPMs have been developed to date, including the

magnetic force microscope (MFM) [10, 11], the electric force microscope [12], and

the scanning electrochemical microscope (SECM) [13].

A scanning ion conductance microscope (SICM), which was invented by

Hansma et al. in 1989 [14, 15], uses a local probe that is sensitive to ion con-

ductance in an electrolyte solution. Drawn-out glass capillaries (‘‘nanopipettes’’),

similar to those used in intracellular recording and patch-clamp experiments [16,

17], are well suited for this purpose. A nanopipette puller based on a heated coil or

an infrared laser beam locally heats up a glass (e.g., borosilicate) capillary with an

initial outer diameter of 1–2 mm that is subsequently drawn apart by force. This re-

sults in thin nanopipettes a few millimeters in length (Figure 11.1, left) that have

sharp tips with typical opening diameters on the order of 30 to 100 nm (Figure

11.1, right). Opening diameters down to 13 nm were achieved when using quartz

capillaries [18]. The use of microfabricated probes has also been reported [19].

The SICM scans a nanopipette over the surface of a sample that is immersed in

electrolyte (Figure 11.2a). Two electrodes are placed in the electrolyte: one inside

the thick end of the electrolyte-filled nanopipette (the ‘‘pipette electrode’’), and

one outside the nanopipette in the bath over or under the sample (the ‘‘bath elec-

trode’’). By applying a voltage between both electrodes and recording the ion cur-

rent through the nanopipette, locally resolved images of ion conductance over the

sample surface can be generated. Despite the many possible applications of such

a microscope, the SICM is one of the least-developed scanning probe microscopy

techniques to date. Only a few set-ups have been described in the literature [14,

15, 20–26].

There is a strong dependence of the measured current on the tip-sample dis-

tance (the ‘‘current squeezing effect’’). The tip-sample distance can therefore be

kept constant during scanning by using the current as an input to a feedback

loop, thereby generating images of the sample topography. This works particu-

larly well for nonporous samples where the bath electrode is positioned on the

same side of the sample as the nanopipette. The pipette and sample do not

Fig. 11.1 Scanning electron microscopy (SEM) images of a

nanopipette. Left: The tapered end of the nanopipette is several

millimeters in length. Right: The inner opening diameter at the tip of

the nanopipette is typically 30–100 nm. To improve SEM imaging, the

nanopipette was sputter-coated with a thin layer of platinum.
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come into mechanical contact with each other, and soft and delicate samples can

be imaged by using this ‘‘non-contact’’ configuration. Korchev et al., for example,

imaged the topography of living cells with SICM [23] in order to monitor dy-

namic changes in cell volume at a resolution of 2:5� 10�20 l [27] and to localize

single active ion channels on the cell surface [28].

Advanced techniques and a number of different approaches have been con-

ceived for overcoming some limitations and inherent problems of the original

SICM concept. One possible option is to employ some type of point-spectroscopy

technique, as it is known from other scanning probe methods such as atomic

force microscopy [29]. Here, the probe is approached to and then retracted from

the sample surface by typically several micrometers for each data point of the

scanning area [30–32]. Although the risk of the probe laterally colliding with a

protrusion on the surface or it becoming trapped in a depression is reduced, this

is achieved at the price of very low scanning speed. Unwanted effects caused by

slowly changing direct current (DC) potentials at the electrodes can be reduced

for instance by applying either short voltage or current pulses instead of applying

a constant voltage between the nanopipette and bath electrodes [31, 32].

Furthermore, modulation techniques have proved to be effective. These share

the common idea that the risk of hitting a surface feature during lateral scanning

Fig. 11.2 (a) Schematic of the current

measurement set-up. When a voltage U is

applied between the two electrodes, an ion

current flows through the opening of the

nanopipette tip. Two alternate paths of the

current through the sample are possible:

either through a locally defined channel

directly below the nanopipette tip (IC), or

through remote pores. As the second path is

possible only when current ‘‘leaks’’ through

the gap between nanopipette and sample,

this current is called leakage current (IL). The

closer the nanopipette tip is to the sample,

the more this leakage current is restricted

(‘‘squeezed’’) by the gap. (b) Equivalent

circuit. The nanopipette resistance RP is in

series with a parallel configuration of the

channel resistance RC and the leakage

resistance RL. Usually, IC is the quantity of

interest. Therefore, the nanopipette

resistance RP should be as small as possible,

and the leakage resistance RL should be as

large as possible, requiring the gap between

nanopipette and sample to be small.
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can be effectively reduced by modulating the tip-sample distance. In particular,

modulation techniques can help to improve long-term stability by minimizing

the influence of DC offsets and drift effects. One such method has been proposed

by the groups of Shao [26, 33] and Korchev [25]. These authors keep the voltage

between the two electrodes constant, but modulate the z-position of either the

sample or the probe with an amplitude of a few tens of nanometers by means of

a piezoelectric actuator. If the probe is far away from the sample surface, such a

small distance modulation with a typical frequency of a few hundred Hertz does

not significantly affect the ion current. However, if the tapered end of the nano-

pipette is brought into close proximity to the surface so that the ‘‘squeezing effect’’

sets in, this distance modulation leads to a modulation of the ion current. The

amplitude of the resulting alternating current (AC) component in the ion current

can then be detected with a lock-in amplifier. The latter allows the recovery of

noisy, low-level ion current signals by using the voltage signal which modu-

lates the tip-sample distance as a reference signal. The detected amplitude of the

modulated ion current is then used as feedback signal to control the average tip-

sample distance – that is, the feedback system tries to maintain a constant ampli-

tude of the ion current while scanning the surface. This method of distance con-

trol has advantages over the conventional DC current-based approach because it

makes the measurement less sensitive to changes in ionic strength or other DC

drift effects.

Such advanced modulation techniques allow gentle scanning of delicate biolog-

ical surfaces such as living cells. The improved performance of a distance-

modulated SICM allows well-resolved images to be obtained of fine surface struc-

tures such as microvilli [34] or membrane proteins [18] on living cells. As the

introduction of the distance-modulation technique reduces the risk of uncon-

trolled contact between the probe and sample, and also improves long-term stabil-

ity, it becomes possible to continuously image specific surface areas for several

hours and thereby to study dynamic processes [35, 36]. Gorelik et al., for example,

studied the mechanism by which aldosterone activates sodium reabsorption

via the epithelial sodium channel, and proposed a new hypothesis that is based

on the effect of cell contraction (Figure 11.3) on the interaction of the channel

with the F-actin cytoskeleton [37].

So far, we have considered only distance-control methods that are based exclu-

sively on the measurement of ion conductance. Although this works well for sam-

ples with a homogeneous distribution of ion conductance, in many cases it is of

interest to study inhomogeneities in the local ion conductance, such as those aris-

ing due to the presence of channels through a thin porous membrane. In these

cases, a mechanism which is independent of the ion conductance is required to

keep the tip-sample distance constant. For this purpose, two different techniques

have been developed to date: (i) SICM with complementary AFM control [21];

and (ii) SICM with complementary shear-force control [24].

The first technique uses a bent nanopipette that is coated with a reflective metal

layer and is scanned over the sample surface. With such a configuration, the sam-

ple topography can be imaged using a standard AFM measurement set-up. The

200 11 Shear-Force-Controlled Scanning Ion Conductance Microscopy



invention of the tapping mode in liquid [38, 39], which simplified the imaging of

soft samples in solution, initiated the development of a novel microscope:

Tapping-mode AFM combined with SICM [21]. In this design, the bent nanopip-

ette [40, 41] is used both as a force sensor and an ion conductance probe. The

bent nanopipette is vibrated perpendicularly to the sample surface with the help

of a piezoelectric actuator. The excitation at the nanopipette’s base leads to vibra-

tion amplitudes at the tip in the range of several nanometers to tens of nano-

meters. The measured vibration amplitude of the nanopipette serves as an input

signal to a feedback loop that controls the nanopipette-sample distance, thereby

generating the topography signal when scanning. Simultaneously, the ion current

is recorded and used to generate a complementary image of the ion conductance.

While such a microscope can also be operated in contact mode (using the DC de-

flection of the nanopipette), better resolution (both in topography and ion con-

ductance) is generally obtained in tapping mode due to the absence of lateral

imaging forces. The tapping mode-based SICM has been applied successfully in

the field of biomineralization to investigate details of processes by which living

organisms synthesize organic–inorganic composite materials [22].

In the case of shear-force-controlled SICM, a straight-tapered rather than a bent

nanopipette is positioned perpendicularly to the sample surface and set into

transverse vibrations (Figure 11.4). Arising mechanical shear-forces between the

tip and sample provide an independent measure of sample topography. The com-

bination of SICM with such a shear-force-based distance control allows the simul-

taneous and complementary imaging of sample topography and local ion conduc-

tance. Technological aspects as well as application examples of the shear-force

based SICM will be discussed below.

The benefits of having two independent information channels are obvious:

while the topographic data alone do not permit differentiation between a perme-

able ion-channel and a closed cavity in the cell layer, the ion current image pro-

Fig. 11.3 Scanning ion conductance microscopy images of a monolayer

of living A6 cells before (left) and 2 h after aldosterone stimulation

(right). Prolonged cell morphology changes are observed, similar to

changes induced by hypotonic stress. These changes do not occur in

every cell, but rather in separate clusters of cells, and are likely the

result of cell contraction. (Figure reprinted with permission from Ref.

[37]; 8 2005 National Academy of Sciences, USA.)
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vides this important piece of information. Therefore, the combined set-up is an

ideal tool for investigating local variations in the ion conductance of biological

specimens. This is of special interest for research into the field of barrier-forming

structures. Furthermore, the possibility of recognizing ionic transport channels in

hard as well as soft samples opens perspectives for further applications in fields

as diverse as biochemistry/pharmacology, corrosion research, quality control of

coatings, or artificial membranes.

11.2

Methods

11.2.1

Shear-Force Detection

Shear-force detection is well known from SNOM set-ups, where the tip of a

tapered optical fiber is scanned at a constant distance over a sample surface [42,

43]. In a shear-force configuration for SICM, a nanopipette is used instead of the

fiber. The nanopipette is mounted perpendicularly to the sample surface (Figure

11.4), and a small piezoelectric actuator that is attached to the nanopipette pro-

Fig. 11.4 Schematic of a shear-force-

controlled scanning ion conductance

microscope. A tapered nanopipette is brought

into flexural vibrations by a piezoelectric

actuator. The vibration amplitude is detected

optically by focusing a laser beam onto the

thin end of the nanopipette and directing the

scattered beam onto a split photodiode. For

low-noise amplitude determination, a lock-in

amplifier is used whose reference channel is

synchronized with the driving signal of the

piezoelectric actuator. When approaching the

nanopipette to the sample surface, the

vibration amplitude decreases due to arising

shear forces. The vibration amplitude serves

as input to a feedback loop, which keeps the

nanopipette at constant distance to the

sample surface during xy-scanning. The ion

current through the nanopipette is recorded

simultaneously, thereby revealing variations

in the local ion conductance of the porous

sample.
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vides the driving signal that excites flexural mechanical vibrations in the drawn-

out end of the nanopipette. The vibration amplitude depends heavily on the fre-

quency of the driving signal, as the resonances in the system typically have a high

quality factor (Figure 11.5). Several sharp peaks can be seen that indicate a strong

oscillation of the nanopipette tip. When the oscillating nanopipette is approached

to the surface, its vibration amplitude decreases sharply due to increasing shear

forces at small tip-sample distances (Figure 11.6). The vibration amplitude is

therefore well suited as a measure for the sample topography. The technical chal-

lenge is to find a method for detecting this vibration amplitude on the nanometer

scale. To date, several methods have been established, including optical detection

[42] and detection using a piezoelectric tuning fork sensor [44]. Piezoelectric de-

tection methods face some principal problems when they are used for imaging in

liquids, as electrical shortcuts may occur in the electrolyte medium. Solutions to

Fig. 11.5 Frequency spectrum of the oscillation of a driven nanopipette

that is submerged into liquid electrolyte. Several resonances are

typically present. For shear-force imaging, the piezoelectric actuator is

driven at one of these resonances.

Fig. 11.6 Shear force oscillation amplitude and ion current while

approaching a nanopipette to a sample surface. The shear force signal

decreases sharply in close vicinity to the surface. The ion current also

decreases (though less quickly), but already at larger tip-sample

separations than the shear force signal.
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this problem include coating the tuning fork with an electrical insulating layer

[45], applying a custom piezoelectrical detection [46], or using a diving bell con-

cept, where the water–air interface is forced close to the sample surface [47]. On

the other hand, optical detection of shear forces principally works in liquid just as

well as in air [48]. In the optical detection method, a laser beam is focused onto

the vibrating section of the nanopipette near its tip (Figure 11.4). The incident la-

ser beam is scattered by the vibrating tip, thereby modulating the intensity distri-

bution of the beam. An optoelectronic detector, which is usually based on a split

photodiode, detects these intensity modulations of the scattered beam and gener-

ates a signal that is proportional to the vibration amplitude of the nanopipette.

There are two principal detection modes: detection in transmission and detection

in reflection. The latter mode uses the nanopipette as a mirror, and requires the

nanopipette to be coated with a reflective layer. It often produces a higher signal-

to-noise ratio than the detection in transmission mode. The signal is then fed to a

scan controller that keeps the tip-sample separation constant with the help of a

feedback loop, thereby generating a topographic image of the sample surface

while scanning.

11.2.2

Ion Current Measurement

Typical electrodes for the measurement of ion currents are standard silver/silver

chloride (Ag/AgCl) electrodes that are also used as reference electrodes in poten-

tiometry and voltammetry experiments. These are easily fabricated, for example

by electrolytic deposition of a layer of silver chloride (AgCl) on a silver (Ag) wire.

The Ag/AgCl electrode is described by a reversible redox reaction in which the

chloride atoms in the solid silver chloride receive an electron and go into solution

as chloride ions, leaving metallic silver. This reaction occurs close to the electrode

surface (<1 nm distance). In SICM, two Ag/AgCl electrodes are used as the an-

ode and cathode. This set-up is simpler to that used for voltammetric experi-

ments, where three electrodes (working electrode, auxiliary electrode and refer-

ence electrode) are used and controlled by a potentiostat [49]. For the SICM

set-up, an external voltage is applied between the two electrodes, thus inducing a

Faradaic ion current in the electrolyte that is measured with a low-noise current

amplifier. The measured current I, that passes through the nanopipette, depends

on the effective ohmic resistance in the current path of the electrolyte. The cur-

rent can leave the nanopipette opening either through a conductive path in the

sample directly below the tip as ‘‘channel current’’ IC, or it can ‘‘escape’’ sideways

through the thin gap between the tip and sample as ‘‘leakage current’’, IL (see

Figure 11.2b). The closer the tip is to the sample surface, the smaller this leakage

current is. Considering the equivalent circuit in Figure 11.2b, the effective ohmic

resistance in the current path, Reff , can be expressed as:

Reff ¼ RP þ RCRL

RC þ RL
: ð1Þ
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This equation demonstrates that, in the case when the channel resistance RC is

of interest, the nanopipette resistance RP should be small and the leakage resis-

tance RL should be large compared to RC. The resistances depend on the par-

ticular boundary conditions of the system such as the tip-sample distance: when

the tip is far from the sample surface, the leakage resistance is zero and the cur-

rent through the nanopipette is limited by the nanopipette resistance RP. How-

ever, when the tip approaches the sample surface, the leakage resistance increases

as the leakage current is ‘‘squeezed’’ by the narrowing gap [14, 50]. Therefore, the

effective resistance increases and the measured current drops. In the ideal case of

a perfect seal between nanopipette and surface at zero tip-sample distance, the

current becomes zero at contact for a nonporous sample. Nitz et al. [24] con-

structed a simple analytical model for the distance-dependence of the measured

current (in the absence of channels in the sample, i.e. RC ! y). They obtained

IðzÞA I0 1þ z0
z

� ��1

; ð2Þ

where I0 ¼ U=RP is the measured current far away from the sample, U is the ap-

plied voltage, z the tip-sample separation, and z0 is approximated by

z0 ¼ 3r0ri
2LP

ln
ra
ri
: ð3Þ

The tapered nanopipette is assumed to be of conical shape with the inner diam-

eter of the thick end r0, inner diameter of the thin end (at the nanopipette tip) ri,
outer diameter of the thin end ra, and nanopipette length LP (Figure 11.7, inset).

When the tip approaches the surface, the measured current decreases to zero,

with a characteristic length scale z0. For typical parameters (r0 ¼ 0:3 mm,

LP ¼ 5 mm, ra ¼ 50 nm, ri ¼ 30 nm, r ¼ 1:09 Wm, U ¼ 100 mV), we obtain

I0 ¼ 519 pA and z0 ¼ 0:60 nm. In this model, the current begins to drop signifi-

cantly only at very small tip-sample distances (Figure 11.7). A more detailed

method of calculating the distance-dependence of the current that is based on fi-

nite element analysis gives qualitatively similar results [51]. For these derivations,

it was assumed that other resistances in the system such as resistances in the

wires, in the bulk electrolyte and in the solid–liquid junctions, are small. Electro-

chemically induced potentials were neglected as they can be compensated for by

applying a voltage offset. It should be noted that, when fast changes of the cur-

rent are to be measured, the capacitances in the system need to be considered.

11.2.3

Shear-Force-Controlled Imaging

In order to acquire images of sample conductance that are independent of topog-

raphy, the nanopipette tip must be held at a constant position over the sample

surface. The shear-force distance control serves this purpose, allowing the simul-
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taneous recording of images of sample topography and ion current [24]. It might

appear that the effective vertical spring constant of a vertically oriented nanopipette

is relatively large, imposing a possible thread to soft samples. On the other hand,

the non-contact nature of shear-force imaging allows the scanning of surfaces

with small tip-sample interaction forces. Soft samples as delicate as cells in liquid

could be imaged with a shear-force set-up (Figure 11.8), and the cells were

well resolved. Furthermore, shear-force-controlled SICM was used to provide fur-

ther insight into transport mechanisms of cellular membranes. One example is

the investigation of the functionality of tight junctions between living cells (Fig-

ure 11.9). Features that might be indicative of cell–cell contacts were resolved in

Fig. 11.7 Calculated current versus distance curve, based on a simple

analytical model [Eq. (2) and inset]. The parameters used for calculating

the curve were r0 ¼ 0:3 mm, ri ¼ 30 nm, ra ¼ 50 nm, LP ¼ 5 mm,

r ¼ 1:09 Wm and U ¼ 100 mV. It is apparent that the current starts to

drop only at tip-sample distances well below the nanopipette tip radius.

Fig. 11.8 Shear-force topography image of a monolayer of fixed

MDCK-II cells on a glass support in buffer solution.
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the ion current image as lines of increased conductance, even though the topog-

raphy image did not reveal such features. This suggests that shear-force-

controlled SICM is capable of measuring not only structural, but also functional,

data on living cells.

11.3

Outlook

While the combined SICM and shear force microscope provides insight into cel-

lular transport mechanisms and has a broad range of possible applications, fur-

ther techniques which are based on similar components can be envisioned. The

ability of the SICM to image biological samples in vivo with nanometer resolution

makes it an interesting candidate for combination with other scanning micros-

copy techniques. For example, whilst adhering to the original SICM idea of using

the ion current signal to maintain a constant distance between the scanning

probe and the sample, complementary data, such as local optical data, can be re-

corded simultaneously. Combinations of SICM with scanning near-field optical

microscopy (SNOM) or scanning confocal microscopy (SCM) are prominent ex-

amples.

The groups of Korchev and Shao modified the original SICM set-up in such a

way that the end of the tapered nanopipette also serves as a near-field light source

for SNOM [33, 52, 53]. This can be achieved by coupling laser light into the nano-

pipette via an optical fiber. Coating the outside of the nanopipette with a reflective

metal layer helps to confine the laser light to the aperture – that is, the tapered

Fig. 11.9 Simultaneous (a) shear-force topography and (b) ion current

images of a layer of live MDCK-II cells. Some, but not all, of the cell–

cell contacts are visible in topography. The ion current image reveals

lines of increased conductance that are independent of local surface

topography. This finding suggests increased ion permeability through

the tight junctions of the cell–cell contacts. (Sample provided by J.

Seebach, experimental data by J. Kamp, University of M€uunster [51, 70].)
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nanopipette’s end. Provided that the sample and the substrate are transparent,

the SNOM signal can then be collected through an objective and detected by a

photomultiplier located underneath the SICM head. Living cells were successfully

investigated with such a combined SICM/SNOM set-up. An alternative way to

utilize the SICM probe as a confined light source for SNOM was suggested by

Bruckbauer et al. [54, 55]. This method is based on fluorescence as it occurs

when a calcium indicator, with which the nanopipette is filled, binds with cal-

cium in the sample solution and is illuminated with a laser. The mixing zone

where the fluorescent complex forms serves as a localized light source.

SICM has also been successfully combined with SCM [56]. The set-up com-

prises an inverted light microscope fully configured for SCM, on which the

SICM head is placed. During lateral scanning the vertical position of the sample

is controlled by a standard SICM, that is, by an ion-current-based feedback loop.

As a consequence, the optical confocal volume, which is located just below the

end of the nanopipette, follows the topography of the sample. This allows captur-

ing of fluorescence images of a surface simultaneously with topographic data.

Interaction of fluorescent nanoparticles (e.g., virus-like particles) with the surface

of fixed or living cells can be studied in this way.

Another type of application is to employ the SICM to perform patch-clamp ex-

periments at specific surface sites [34, 36]. In such experiments, the SICM is first

used to scan the sample surface, and the spatially resolved images of the surface

topography allow the identification of regions or structures of interest. The scan

unit is then used to position the tapered SICM probe over a user-selected spot.

Finally, the probe is engaged to the sample surface to form a gigaohm seal for

subsequent patch-clamp recording. This combination of high-resolution SICM

scanning and patch-clamping allows ion channel recordings to be obtained on se-

lective surface spots with lateral position control in the range of a few tens of

nanometers. Such high precision is beyond the reach of conventional positioning

methods such as those using light microscopy. With the SICM it becomes possi-

ble to investigate the activity of single ion channels on nanometer-sized structures

on native biological samples such as living cells. For instance, a tapered SICM

nanopipette can be positioned deliberately on top of a single microvillus on an

epithelial cell and used for subsequent patch-clamp recording. In this way, indi-

vidual Kþ channels could be identified on the basis of the reversal potential of

current-voltage curves [34].

Nanopipettes not only serve as analytical probes but can also be used as power-

ful tools for the controlled delivery of reagents, and for material deposition. The

material flux from a nanopipette to a substrate can either be driven by electric

fields, capillary forces, hydrostatic pressure, or by ultrasonic excitation. Such

types of nanolithography have been applied successfully to deposit metals [57–

60] and chemicals [61, 62], as well as biological substances such as DNA, pro-

teins, or other biomolecules [63–68]. Having the ability to deliver substances in

a controlled manner through the nanopipette of a SICM opens the perspective

to study the effects of local drug delivery on biological specimens, thereby provid-

ing a nanoscopic tool for the drug-induced manipulation of individual cells [69].
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12

Label-Free Nanowire and Nanotube

Biomolecular Sensors for In-Vitro Diagnosis of

Cancer and other Diseases

James R. Heath

12.1

Overview

Over the past few years, several groups have reported on carbon nanotube (NT) or

semiconductor nanowire (NW) chemical [1, 2] and biomolecular sensors [1–3].

The biosensing applications are, in many ways, driven by the emerging concepts

of systems biology [4, 5] and the translation of those concepts into the clinic [6].

From both the fundamental (biology) and applied (clinical) perspectives, the tech-

nology driver is to develop biomolecular measurement tools that are efficiently

produced, sensitive, quantitative, rapid, multiparameter (e.g., mRNAs and pro-

teins), scalable to large numbers of parameters measured, and extendable to-

wards quantitating molecules from ever-smaller amounts of tissues, cells, and se-

rum. In this chapter, we review these sensors, in terms of the needs that are

driving their development, in terms of the progress that has been reported in

the literature, and in terms of the challenges and questions that remain to be

addressed.

12.2

Background

Chip-based methods for the detection of mRNAs [7], cDNAs and (to a lesser ex-

tent) proteins [8], are now a part of most experimental biology toolsets. Whilst

these tools are not the subject of this chapter, it is instructive to discuss at least

one of these methods in some detail, and then to place that within the context of

an emerging clinical need. Thus, the point is to illustrate why these emerging

biosensor technologies are being developed.

As a general rule, the chip-based methods are predicated upon the optical de-

tection of specific biomolecules through the use of fluorophore labels. The proto-

typical example for quantitating peptides, proteins, antibodies and hormones is

the technique known as the enzyme-linked immunosorbent assay (ELISA) [9].
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The most common ELISA variant, which achieves an indirect detection of the

biomolecule, is often referred to as sandwich assay [10] – that is, the protein or

other biomolecule to be detected is sandwiched between a surface-bound and a

fluorophore labeled primary and secondary antibody, respectively. It is the bind-

ing event of the secondary antibody that is optically detected. For the example of

proteins, ELISA assays are typically carried out in multi-well plates, with one type

of protein detected per well. Once the well has been prepared with the substrate-

bound antibody, incubation of the sample to be tested, followed by incubation

with the secondary antibody, takes a few hours, according to standard protocols.

As discussed later in this chapter, this long-time scale is not an intrinsic limita-

tion of ELISA methods, but is simply characteristic of the standard protocols.

With a primary antibody that has 10�9 M affinity, and sufficient incubation time,

an ELISA sandwich assay can detect proteins that are present in the low pico-

molar concentration range.

The limitations of the ELISA are manifold:
� It is designed as a pauciparameter, or single-protein,

detection method (although it is extendable by using multi-

well plates, given sufficient biological sample).
� The requirement for a fluorophore label means that the

number of different molecules that can be detected within a

given spatial area is, in principle, diffraction limited and, in

practice, typically limited to about one species within a 100

mm diameter area or so (though optically defined chips are

extendable to higher densities). (Note: this also applies to

mRNA gene chips.) This condition places demands on the

amount of tissue needed for a true multiparameter analysis,

as well as extending the time scale for sample analysis.
� The range over which the concentration of a specific

biomolecule may be quantified is about 102, and limited by

the minimal detectable signal over background and the

tendency for fluorophores to photobleach.
� The method is not real time, although under appropriate

conditions it can be reasonably fast.
� The requirement for two complementary antibodies per

biomolecule – at least one of which needs to be high affinity

– is nontrivial. Significant efforts have been made into

improving the ELISA technique, but these will not be

discussed here [11–16].

At this point we should perhaps consider the specific challenge of stratifying

glioblastoma (brain cancer) patients for therapeutic intervention, based upon the

analysis of tissue extracted from a fine-needle biopsy. Brain cancer is the leading

cause of cancer deaths in children aged under 15 years, and the second leading

cause of cancer deaths among the 15- to 34-year age group. Although brain

cancer is less common in adults, it accounts for a disproportionate number of
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deaths [17], with glioblastoma being the most aggressive of all brain tumors.

Hence, this important problem not only represents a scientific and technological

challenge but is also typical of the type of clinical diagnosis that can provide an

early avenue into personalized medicine.

As with many other cancers, overexpressed or mutated tyrosine kinases can

contribute to the development and progression of brain tumors. Various tyrosine

kinase inhibitor molecules [18, 19] have been developed and demonstrated as ef-

fective therapeutics against brain cancer. However, for any randomly chosen

group of glioblastoma patients, the responders to a given inhibitor constitute

only a small subset [20] which cannot be distinguished by using traditional pa-

thology practices [21–24]. Clearly, this complicates clinical trials [25] and also

makes treating the patients significantly more difficult. If a large piece of the

tumor is surgically resected, then combinations of microscopic analysis, mRNA

microarray data [26], immunohistochemical staining, Western blotting [20] and

other methods can be utilized to detect and/or sort the cancerous cells, interro-

gate for the presence of oncogenes, characterize the phosphorylation status of

kinase pathways, and direct patients towards appropriate therapies. Such an

approach truly requires a multi-parameter analysis of cells, genes, and proteins.

For example, while the oncogene can be detected at the mRNA level, the proteins

within the kinase pathway must be directly measured, as it is the relative abun-

dance of post-translationally modified proteins that is of the greatest interest. A

visual inspection of the sorted cancer cells also provides useful information. For

example, if it were possible to carry out a full, multi-parameter analysis on a

handful of cells extracted from a tumor via a fine-needle biopsy, then not only

would the patient likely avoid the surgical procedure, but fundamentally new

questions relating to the molecular heterogeneity of the tumor could also be

addressed.

The above problem is representative of the types of difficulty that drive the de-

velopment of new measurement technologies. Although there is clearly a clinical

need which drives such developments, these new methods will in time undoubt-

edly be used to seek new biological answers. One class of these emerging

technologies – namely nanowire (NW) and nanotube (NT) nanoelectronic biomo-

lecular sensors – will be discussed in the following section. Although related

methods, such as nanomechanical biosensors [27, 28], are currently being devel-

oped to meet similar goals, they will not be discussed at this point.

These emerging nanotechnologies face clear challenges, with the need to ex-

tend the capabilities of measurement platforms that can sensitively, and in real

time, quantitate one or two proteins or mRNAs, to chips that can quantitate large

numbers of different biomolecules, being one of the greatest. A related task in-

volves selective control of the nanosensor/biology interface – that is, encoding dif-

ferent sensors so that they each sense a different biomolecule. The standard

method of inkjet spotting, for example, cannot achieve the desired densities re-

quired for problems such as glioblastoma. A third issue involves the integration

of nanoelectronic sensors with microfluidics-based tissue handling and sample

delivery systems. This is not only a fabrication challenge; rather, it also involves
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achieving an understanding of – and control over – the analyte-(surface-bound)

antibody-binding kinetics within microenvironments. Finally – and in common

with any multiparameter measurement platform – there are issues related to the

rapid development of high-affinity protein-capture agents (e.g., antibodies, ap-

tamers, peptides, small molecules) and surface chemistry that allows for proteins,

genes, and cells to be detected within a single environment. Some of these chal-

lenges are specific to silicon NW sensors, while others are specific to single-wall

carbon nanotube (SWNT) sensors. Yet, the emerging body of information relating

to both types of devices is beginning to provide guidance on some of these issues.

The current state of the art with respect to both NT and NW sensors, as well as

some of the key unknowns relating to these devices, will be outlined in the fol-

lowing sections.

12.3

Methods and Current State of the Art

Nanotube sensors were first reported by Dai’s group [1] as gas-phase chemical

sensors, while Si NW biosensors were first reported by the group of Lieber [3]. A

summary of much of the existing literature on NT and NW sensors is provided in

Table 12.1, which will serve as a guide for much of the discussion here. Figure

12.1 represents a generic NW or NT sensor, with certain figures of merit and

other characteristics indicated.

12.3.1

Mechanisms of Sensing

NT and NW sensors are, in many ways, variants of a traditional class of devices

known as chem (field effect transistors) FETs or ion FETs [29–33]. These devices,

which function as either pH sensors, or as sensors of specific ions (usually diva-

lent cations), take advantage of the local field generated by the solution-phase spe-

cies (in this case, ions) to modulate the conductivity of the source-drain channel

within a semiconductor FET. Although these traditional (and macroscopic) devices

have not yet been demonstrated as good biomolecular sensors, research into re-

lated devices for certain types of biosensing remains active [34].

The most commonly reported NT sensor consists of a network of SWNTs

grown on-chip [35]. The response of such a type of a sensor is a heterogeneous

combination of individual SWNT responses. By contrast, most NW sensors are

based upon single NWs, and so physical characteristics such as the NW diameter

and doping level will surely all play important roles. No group has yet reported on

a systematic investigation of the effect of parameters such as NW diameter and

doping level on sensing response, though two groups have shown that p- and

n-type Si NW sensors exhibit opposite responses when sensing the same biomo-

lecule [36, 37]. This has been rationalized in terms of the isoelectric point of the

sensor–bound capture agent–target biomolecule complex. Si NW DNA sensing
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has been carried out in non-electrolyte media by at least two groups [38, 39],

each of which has used a different diameter (or width) NW. The results indi-

cate that 50 nm-wide (with a rectangular cross-section) Si NW sensors are signif-

icantly less sensitive than 20 nm-diameter Si NW sensors. Variability in doping

levels and electrical contacts might also contribute to these reported differences,

though it is also likely that the increased sensitivity of the smaller diameter NWs

arises in part from the fact that they quasi one-dimensional conductors. This im-

plies that the nontraditional device fabrication methods currently used to prepare

NWs [40–42] and NTs [35] will continue to play an important role in their pro-

Fig. 12.1 A semiconductor nanowire (NW)

sensor and characteristic response metrics.

(A) Diagram illustrating some of the

important aspects of these devices. The NW

is treated as a field-effect transistor, and is

electrically contacted (transparent gold

regions at either end of the device). A voltage

(þV) is applied to the (top) source electrode,

and the bottom (drain) electrode is grounded

through an ammeter (I). The electrode

materials are encased within an insulating

dielectric (transparent gray region) to prevent

conductivity through the solution, which can

interfere with (and dominate) the measured

sensor response. The surface of the sensor is

coated with an antigen (in this case ssDNA)

that exhibits a specific recognition for a

particular biomolecule (complementary DNA;

cDNA). The environment in which the sensor

is utilized can be tissue culture media,

serum, desalted serum, water, or even air. A

nanotube (NT) sensor is similarly con-

structed, although it typically will consist

of a network of NTs bridging the electrodes.

In addition, the electrical transduction of the

target–probe binding event can differ

between NWs and NTs. (B) The measured

sensing response from an n-type Si NW

sensor, coated with an ssDNA analyte, to the

cDNA antigen (16-mer overlap region) in

0.154 M electrolyte. A change in the nano-

sensor resistance is detected and correlated

a stepwise increasing concentration of the

analyte. The nanosensor will exhibit a ton
(i.e., the time between when the sample

containing the analyte is introduced to when

the response of the nanosensor saturates).

ton is highly dependent upon the on and off

target–probe binding constants as well as

on how the experiment was conducted (e.g.,

flowing microfluidics versus a static fluid).

The binding constants, in turn, can depend

upon the sensing environment, the presence

of dications, etc. Some nanosensors also

exhibit a toff , correlating to the time that it

takes the nanosensor electrical response to

recover to its baseline resistance after the

analyte is removed from solution. Nano-

sensors are often characterized in terms of

the range of analyte concentration values

over which DR responds linearly with respect

to log½Canalyte�. For this particular sensor,
these limits are 220 aM ð¼ CminÞ to 220 pM

ð¼ CmaxÞ.
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duction, as lithographic patterning techniques [43] do not achieve the resolution

and regularity required for highly sensitive and reproducible NW sensors.

12.3.2

The Role of the Sensing Environment

The field-gating mechanism that is characteristic of NW sensors means that it is

the local change in charge density – and the accompanying change in local chem-

ical potential – that characterizes target–probe binding at the NW sensor sur-

face. Typically, it is a change in the number and nature of the charges that reside

at the surface of the NW that is detected (most target–probe binding events

are accompanied by such a change). This changing chemical potential affects the

source (S) ! drain (D) current value, or IDS. However, the change is screened (via

Debye screening) from the NW by the solution in which the sensing takes place.

Debye screening is a function of electrolyte concentration, and at 0.14 M monova-

lent electrolyte – which is reasonably representative of most physiological envi-

ronments such as serum or tissue culture media – the screening length is about

1 nm [44]. In addition, the SiO2 surface on a Si NW has a low isoelectric point,

which means that at pH 7.4 the surface has a high quantity of negative charge

[45]. This can potentially exacerbate the Debye screening, as positive ions are re-

cruited to the negatively charged SiO2 surface, and so the local electrolyte concen-

tration at the surface can be much higher than the ionic strength of the bulk so-

lution [44]. Because of Debye screening, NW sensing experiments have largely

been carried out in low ionic strength solutions. Lieber’s group, for example, has

reported an elegant experiment in which they demonstrated the detection of mul-

tiple proteins from serum samples that had been desalted using a microcentri-

fuge filtration technique [37]. Desalting a tissue or serum sample is challenging

when that sample is very small (i.e., a fingerprick or fine-needle biopsy). Thus,

the challenge of interrogating the intrinsic biological specimen using NW sensors

remains open.

Nanotubes by contrast, sense via a Schottky barrier modulation effect (at the

NT contacts [46]), as well as by the chemical gating effect [47]. When the isoelec-

tric point of a protein is close to the pH of the reaction media, the Schottky

barrier effect is particularly important. Byon and Choi, for example, were able to

increase the sensitivity of SWNT network sensors by increasing the Schottky con-

tact area [48].

For both NWs and NTs, the role that the ionic strength (and the identity of the

ions present) in the solution plays has not been systematically investigated. It is

unlikely that the high sensitivities to protein detection that have been reported for

Si NW sensors [37, 49] in nonionic media would be achieved in 0.14 M electro-

lyte. Here, the surface-bound biomolecular capture agent plays an important

role. For example, extremely high sensitivities for detecting DNA in 0.164 M elec-

trolyte have been reported for Si NW sensors [36]. However, when Si NW sensors

with essentially identical diameters and doping levels are utilized to detect the

protein tumor necrosis factor-a (TNFa) (using anti-TNFa as the surface-bound

capture agent) in the same medium, the sensitivity is very poor (in the few nano-
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molar limit) [50]. The major difference here is the capture agent. Antibodies are

quite large and so hold the captured protein several nanometers – and thus

several Debye screening lengths – away from the surface of the NW. ssDNA

oligomers, on the other hand, most likely lie down on the NW surface prior to

their hybridization with cDNA (at which point they become much stiffer). Thus,

DNA-hybridization likely modifies the charge distribution right at the NW sur-

face, while protein detection by antibodies occurs at a larger distance.

It is interesting to note that the electrolyte concentration, in certain situations,

can improve the sensitivity of at least NT network sensors. For example, Star and

co-workers found that the addition of a 20 mM solution containing Mg2þ cations

dramatically increased (103-fold) the sensitivity of SWNTnetwork sensors towards

detecting DNA hybridization events [51]. Mg2þ is known to increase the equilib-

rium binding constant of DNA.

12.3.3

Nanosensor-Measured Target–Probe On/Off Binding Rates

The ionic strength of the solution can, in general, play a significant role in deter-

mining on/off target–probe binding rates (see Table 12.1). One commonly uti-

lized label-free method for detecting biomolecules is that of surface plasmon res-

onance (SPR) [52] which, while not typically used to quantitate protein

concentrations, is utilized to quantitate the on/off rates of target–probe binding,

and thus to determine binding affinities for antibodies and other capture agents

from the equilibrium relationship of K ¼ kon=koff . Thus, for a typical antibody

binding affinity of 1 nM, kon ¼ 109 � koff . NW and NT sensors can also poten-

tially be utilized for measurements of target–probe binding affinities.

Backmann and co-workers have directly compared binding constant measure-

ments determined from nanocantilever-based protein sensors with SPR measure-

ments, and have found quantitative agreement [53]. For the Si NW sensor inves-

tigations summarized in Table 12.1, the reports that describe either protein or

DNA sensing in low ionic strength media, and that present data from which the

on and off times may be estimated (simply by measuring adsorption/desorption

times from various sensor plots), exhibit both a rapid sensing response (which is,

in general, a function of both ton and toff ) and a rapid recovery to baseline, which

is only dependent upon toff . t represents the time to sensor saturation ðtonÞ or

baseline recovery. We utilize ton and toff because, for most NW sensor reports,

the actual rates are not extractable from the published data. Nevertheless, the

label-free, real-time nature of NW-based sensing implies that such devices can

be utilized to both extract equilibrium binding constants, or that it can be utilized

to discriminate between selective and nonselective binding. Lieber has analyzed

his NW sensor data for at least one or two proteins, and has found that the mea-

sured on/off rates do reproduce – to at least an order of magnitude – known

target–probe binding affinities (C. Lieber, personal communication). As discussed

below, when surface-bound assays are integrated into a microfluidics environ-

ment, the binding and unbinding kinetics depend heavily upon the flow rate of

the solution.
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During the writing of this chapter, a systematic investigation regarding protein–

antibody binding affinities as a function of ionic strength could not be located.

For some very specific cases, reducing the ionic strength to values well below

physiological levels (W0.15 M electrolyte) can increase kon significantly while im-

pacting koff only slightly, but it can also significantly reduce the selectivity of the

assay [54]. For DNA, a lower ionic strength significantly retards DNA hybridiza-

tion [55], although how kon and koff rates are separately affected is unclear. Again,

a systematic study of how ionic strength impacts the device performance metrics

of NW sensors is needed. As described below, recent models of target–probe

binding in immunoassays highlights the influence of how kon and koff can affect

analyte binding rates, especially when the assay is entrained within a flowing mi-

crofluidics environment.

12.3.4

The Nanosensor/Microfluidic Environment

Many of the results presented in Table 12.1 were collected from NW or NT sen-

sors entrained within polydimethylsiloxane (PDMS) microfluidics flow channels.

Modeling the binding kinetics of surface immunoassays has been recently inves-

tigated by two groups [56, 57]. Assuming laminar flow conditions (which may not

be appropriate within a microfluidic channel that contains patterned electrodes

and static electric fields), Zimmerman and co-workers calculated the various rates

for which an ELISA assay could be optically detected as a function of target area,

flow rate, analyte concentration, and channel geometry. For a probe that exhib-

its a nanomolar affinity for the target (typical of most protein–antibody or

ssDNA–cDNA molecules utilized in Table 12.1), these authors calculated two lim-

its for the binding kinetics. Under low-flow velocity (the order of 10�2 mm s�1),

the surface-bound probe is able to exploit a large fraction of the target, but with

very slow capture kinetics. Such binding kinetics can be modeled using four par-

tial differential equations that arise from the Navier–Stokes equation, the convec-

tion–diffusion equation, and the target–probe kon and koff rates [56]. Higher flow

velocities (the order of 1 mm s�1) and small active areas (150 nm2) are more rel-

evant to the case of nanosensors entrained within microfluidics channels. Under

such a limit, the immunoassay binding kinetics reflect the target–probe kon and

koff rates:

dyt
dt

¼ konCðymax � ytÞ � koff yt ð1Þ

In addition, a characteristic binding time, t, can be expressed as

tA ðkonC þ koff Þ�1 ð2Þ

Under (the quite common) conditions in which konCf koff , then tA1=koff .
Here, yt is the surface density of bound target at time t, ymax is the maximum

surface density of molecules possible, and C is the target concentration. As seen

from Eqs. (1) and (2), at low target concentrations koff plays a more significant
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role in determining the saturation time for the immunoassay than does kon. In
fact, over fairly broad concentration ranges (10�16 to 10�10 M) of target, ton (re-

flecting the time to two-thirds of the sensor saturation limit for a given concentra-

tion) can be quite fast (<1 min) for an target–probe binding affinity in the nano-

molar range that exhibits values for kon of 108 M�1 s�1 and koff of 10�1 s�1. These

types of rapid kinetics can also be applied to ELISA assays, and so the previously

mentioned slow rate of developing ELISA immunoassays can be substantially im-

proved through microfluidics design and through the optimization of flow pa-

rameters. However, if kon ¼ 105 M�1 s�1 and koff 10�4 s�1 (producing the same

equilibrium binding affinity), the values for ton are 103-fold longer. This high-

lights the need for understanding target–probe binding kinetics under different

conditions. For example, for cDNA sensing, the ssDNA probe may be immobi-

lized onto the nanosensor surface through electrostatic interactions, or through

covalent bonding. It is likely that these two types of immobilization strategies

will affect kon and koff values in different ways, as will the ionic strength of the

sensing media, or the presence of divalent cations. Modeling studies, capture

agent design and optimization are all needed if microfluidic-based nanosensors

are to be rationally optimized for real-time, highly sensitive biomolecule detection.

12.3.5

Nanosensor Fabrication

A second challenge involves demonstrating reproducible and high-throughput

nanofabrication/assembly methods that can produce near-identical NW or NTsen-

sor circuits time and time again, at low cost, and in a way that allows for many

measurements to be executed in parallel on the same chip. Traditionally, the

scaling up from single-device demonstrations to robust, integrated technologies

has been viewed as an engineering problem. However, for nanotechnologies in

which the individual device is non-traditionally fabricated, the development of a

manufacturingmethod itself represents a challenge that ismore scientific in nature.

The bulk of reports on NT sensors are based on NT network devices containing

many NTs. Some sensitivity is likely sacrificed, as many of the NTs that contrib-

ute to the measurement probably do not contribute to the sensing. Although the

reproducibility from sensor to sensor is apparently reasonably good [47, 48, 51,

58], no group has yet reported the use of an array of NT sensors, fabricated on

the same chip, to detect a panel of biomolecules. Similarly, no group has yet re-

ported on the sensing statistics from a large number of such sensors.

Si NWs for sensing applications have been prepared from three different meth-

ods: (i) electron beam lithography (EBL) [39, 59]; (ii) vapor-liquid-solid (VLS)

growth [40, 60]; and (iii) superlattice nanowire pattern transfer (SNAP) [42, 61].

Each of these methods has its advantages and disadvantages:
� EBL is a serial patterning method that produces wires exactly

where one wants them to be, but it does not scale to the

dimensions required for the most sensitive NW devices (see

above discussion). However, the wires are readily suspended
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(a bonus for sensing), doping can be well controlled, and it is

straightforward to construct microfluidics channels around

EBL NWs.
� The VLS technique relies on using a metal particle (such as

Au) to nucleate and direct the growth of a nanowire. This

method can produce bulk quantities of semiconductor NWs

(both Si and In2O3 [58] have been utilized for sensing) of the

appropriate dimensions. Those NWs are characterized by a

distribution of lengths, and some control over NW diameter

and doping has been demonstrated. A batch of n- or p-type

20 (G3) nm diameter NWs is relatively easy to prepare. The

NWs must be assembled into the appropriate device structure

[62] (or the device structure must be constructed around the

NWs [63]). However, they can be utilized on a variety of sub-

strates [64]. For sensing applications, the manner in which

the NWs are surface-functionalized with probe, assembled

into the appropriate device structure, and entrained within

microfluidics has varied, and the integration of these various

steps represents ongoing development [37, 49]. VLS nano-

wires have been demonstrated as reasonably good FETs,

which is a requirement for them also performing as good

sensors.
� SNAP NWs (a Si NW sensor array is shown in Figure 12.2)

combine components of the EBL and VLS NWs. They are

prepared using a templating/stamping approach in which

the atomic control achievable in an MBE-grown GaAs/

AlGaAs superlattice is translated into the pitch and width of

various metal and/or semiconductor nanowires. Si NWs are

prepared from a silicon-on-insulator or a bonded substrate

that is pre-doped to the appropriate level (both n- and p-type

NWs can be simultaneously prepared) within the same

circuit. These NWs make excellent FETs [65], and arrays

which are a few millimeters long and containing up to 1500

NWs can be prepared. The variation in NW diameter (and

pitch) for SNAP NWs is <1 nm. A major limitation with

SNAP NW sensors is that each sensor circuit has to be

individually prepared, though this is also true of the VLS and

EBL NWs. However, recent studies on replicating SNAP NWs

using nanoimprinting techniques may pave the way towards

high-throughput NW sensor circuit fabrication [66]. These

nanowires are sectioned into as many as eight separate 400

NW arrays per chip; from each array several NWs or groups

of NWs are electrically contacted. PDMS microfluidics are

bonded onto the chip surface so that each separate array is

entrained within its own channel.
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Fig. 12.2 A circuit of Si nanowire (NW)

sensors, shown at various levels of resolu-

tion. The NWs themselves were fabricated

using the superlattice nanowire pattern

(SNAP) transfer method, but most of the

basic features of this circuit are common

to other reported devices. (A) An assembled

sensor device, placed onto a chip carrier, and

incorporating a polydimethylsiloxane (PDMS)

microfluidic layer. A penny is shown for scale.

This particular circuit contains six individually

addressable NW sensor arrays, with each

array containing 400 NWs. For this circuit,

only three NW sensor devices are electroni-

cally contacted for each array, and each

sensing device contains about 10 Si NWs.

(B) Expanded view of the NW sensor arrays.

The electrical contacts to the NWs extend

diagonally to the top right and bottom left of

the image. The nanowires themselves are

aligned diagonally along the white strip, from

bottom right to top left. (C) A single three-

element NW sensor array. The individual

nanowires are not resolved at this resolution.

Various regions are labeled: (i) Gate and

counter electrodes (for controlling the

reference potential of the NWs and the

solution); these electrodes are not a common

feature of NW or nanotube (NT) sensor

devices, but they do increase sensitivity. (ii)

Nanowire electrical contacts. (iii) The bright

stripes are groups of contacted Si NWs. (iv)

The dark region indicates an insulating Si2N3

film deposited on top of the metal contacts.

(D) High-resolution electron micrograph

showing an array of 18 nm-wide Si NWs used

for sensing.
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12.3.6

Biofunctionalizing NW and NT Nanosensors

NT and NW sensors are biofunctionalized for sensing in very different ways.

While Si NWs can take advantage of the highly developed surface chemistry of

the SiO2 surface (and the lesser-developed surface chemistry of the HaSi surface),
NTs are typically biopassivated using noncovalent interactions. Here, the case for

NTs is discussed first.

Proteins tend to bind non-selectively to the surfaces of SWNTs [67], and cova-

lent functionalization of SWNTs tends to disrupt their electrical properties. Sev-

eral groups have investigated the noncovalent functionalization of NTs, using a

variety of small molecules, such as pyrene [68], supramolecular structures [69],

and polymers [2, 70, 71]. Dai’s group has utilized noncovalent interactions to im-

mobilize polyethylene glycol (PEG) side chains [67], which greatly reduces the

nonselective binding of proteins. The advantage of these noncovalent methods is

that they can be used to attach probes specifically to the SWNT or SWNT net-

work devices without disrupting the covalent bonding within the NTs. This

means that the target ‘‘sees’’ probe only within the active sensor region which,

according to mathematical models [56], considerably improves the short-time

sensitivity of surface-bound immunoassays under certain conditions. For a spe-

cific sensing example, Dekker’s group has utilized pyrene-labeling to selectively

attach glucose oxidase onto SWNTs [72]. For DNA sensing, ssDNA has been

demonstrated to interact non-covalently with SWNTs [73], and this has provided

a route toward constructing NT network DNA sensors [51].

Most biofunctionalization of NWs has been carried out using traditional meth-

ods for coupling biomolecules on SiO2 surfaces. On a chip that contains multiple

individual NW sensors or sensor arrays, the arrays may be isolated from one an-

other using microfluidics channels. If Si NWs are supported on an SiO2 surface,

then the surface surrounding the NWs may also be biofunctionalized, thereby

leading to a chemically active surface area that is substantially larger than the

actual active area of the NW sensor, and so potentially reducing the overall sensi-

tivity of the assay. If the NWs are biofunctionalized prior to assembly that prob-

lem is avoided, but it is not always easy to make ohmic contacts to such devices.

Briefly, such nonselective chemistry typically involves introducing an aldehyde

group onto the NW surface through the covalent coupling of methoxysilanes.

Amide coupling chemistry is then utilized to attach ssDNA and/or antibodies

onto the NW surface [49]. DNA may be electrostatically coupled onto a nanowire

surface if the surface is prefunctionalized with an amino terminus. The electrical

contacts to the NWs are often covered with an insulating dielectric such as Si3N4

so that ion-conductance through the solution does not interfere with the sensing

measurement.

Most methods for fabricating and/or assembling NW sensor arrays can achieve

sensor densities that are substantially higher than can be chemically addressed

using either microfluidics channels, or spotting methods for directing surface
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biofunctionalization. In fact, taking advantage of such high-density NW sensor ar-

rays, by encoding each NW sensor to detect a different biomolecule, constitutes

one of the major challenges associated with applying NW sensors for large-scale

multi-parameter analysis. The ability to electronically address individual NWs

within a dense NW sensory array, is not, however, a particular limitation [61].

Thus, electrochemically encoding a NW sensor array provides a viable approach

towards constructing ultra-high-density NW sensor libraries. Mrksich’s group

has developed chemistry that allows for the electrochemical activation of Au sur-

faces and enables spatial (or time-dependent) control over biological interactions

[74, 75]. Two groups have translated related concepts towards the electrochemi-

cally driven biofunctionalization of semiconductor NWs [76–78], although the in-

tegration of that chemistry with NW sensors has not yet been reported.

12.4

Outlook

When NT and NW sensors were first reported, a significant amount of activity

was apparent involving start-up companies interested in commercializing these

devices. However, ultimately most – if not all – of that activity proved to be pre-

mature. It is possible that commercial applications in the realm of gas-phase sen-

sors will emerge over the next few years, although in the case of biotech applica-

tions this area of research is still young and in a state of rapid evolution. Whilst

NW and NT sensors clearly present some unique biotech opportunities, there re-

main several fundamental scientific challenges that must be met. Most of these

challenges have been at least briefly discussed in the preceding sections, and in-

volve all of the different aspects of manufacturability and integration. All NW

and/or NT devices and small circuits are currently hand-made and hence are

both expensive and time-consuming to construct, there being no firm high-

throughput fabrication method available to produce these systems. In addition, a

working NW or NT sensor array involves the integration of nanoelectronics, mi-

crofluidics, chemistry, and biology. It is doubtful whether there is an existing

commercial product that involves a similar level of integration. Nevertheless,

progress in this area is moving forward rapidly, and the motivations for develop-

ing technologies, as are described in this chapter, will surely increase with time.

Acknowledgments

Some of the studies referred to in this chapter were supported by the National

Cancer Institute, a subcontract from the Mitre Corporation, the DARPA MolApps

program, and the MARCO Focus Center for Advanced Materials and Devices.

Acknowledgments 227



References

1 Kong, J., Franklin, N. R., Zhou, C.,

Chapline, M. G., Peng, S., Cho, K.,

Dai, H. (2000) Nanotube molecular

wires as chemical sensors. Science
287, 622–625.

2 a. Star, A., Stoddart, J. F., Steuerman,

D. W., Diehl, M., Boukai, A., Wong,

E. W., Yang, X., Chung, S.-W., Choi,

H., Heath, J. R. (2001) Preparation

and properties of polymer-wrapped

single-walled carbon nanotubes.

Angew. Chem 40, 1721–1725. b.

Steuermann, D., Star, A., Narizzano,

R., Choi, H., Ries, R., Nicolini, C.,

Stoddart, J., Heath, J. R. (2002)

Interactions between conjugated

polymers and single-walled carbon

nanotubes. J. Phys. Chem b 106,

3124–3130.

3 Cui, Y., Wei, Q., Park, H., Lieber,

C. M. (2001) Nanowire nanosensors

for highly sensitive and selective

detection of biological and chemical

species. Science 293, 1289–1292.
4 Davidson, E. H., Rast, J. P., Oliveri,

P., Ransick, A., Calestani, C., Yuh,

C. H., Minokawa, T., Amore, G.,

Hinman, V., Arenas-Mena, C., et al.

(2003) A genomic regulatory network

for development. Science 295,
1669–1678.

5 Kitano, H. (2002) Systems biology: a

brief overview. Science 295, 1662–
1664.

6 Hood, L., Heath, J. R., Phelps, M. E.,

Lin, B. (2004) After the Genome

Project: Systems biology and new

technologies enable predictive and

preventive medicine. Science 306,
640–643.

7 Fodor, S. P., Read, J. L., Pirrung,

M. C., Stryer, L., Lu, A. T., Solas, D.

(1991) Light-directed, spatially

addressable parallel chemical

synthesis. Science 251, 767–773.
8 MacBeath, G., Schreiber, S. L.

(2000) Printing proteins as micro-

arrays for high-throughput function

determination. Science 289, 1760–
1763.

9 Engvall, E., Perlmann, P. O. (1972)

Enzyme-linked immunosorbent assay,

ELISA. 3. quantitation of specific

antibodies by enzyme-labeled anti-

immunoglobulin in antigen-coated

tubes. J. Immunol. 109, 129–135.
10 Weller, T. H., Coons, A. H. (1954)

Fluorescent antibody studies with

agents of varicella and herpes zoster

propagated in vitro. Proc. Soc. Exp.
Biol. (New York) 86, 789–794.

11 Zhang, H., Cheng, X., Richter, M.,

Green, M. I. (2006) A sensitive and

high-throughput assay to detect low-

abundance proteins in serum. Nature
Med. 12, 473–477.

12 Schweitzer, B., Wiltshire, S., Lambert,

J., O’Malley, S., Kukanskis, K., Zhu,

Z. R., Kingsmore, S. F., Lizardi, P. M.,

Ward, D. C. (2000) Immunoassays

with rolling circle DNA amplification:

A versatile platform for ultrasensitive

antigen detection. Proc. Natl. Acad.
Sci. USA 97, 10113–10119.

13 Park, S. J., Taton, T. A., Mirkin, C. A.

(2003) Array-based electrical detection

of DNA with nanoparticle probes.

Science 295, 1503–1506.
14 Nam, J.-M., Thaxton, C. S., Mirkin,

C. A. (2003) Nanoparticle-based bio-

bar codes for the ultrasensitive

detection of proteins. Science 301,
1884–1886.

15 Lasseter, T. L., Cai, W., Hamers, R. J.

(2004) Frequency-dependent electrical

detection of protein binding events.

Analyst 129, 3–8.
16 Demers, L. M., Ginger, D. S., Park,

S. J., Li, Z., Chung, S. W., Mirkin,

C. A. (2002) Direct patterning of

modified oligonucleotides on metals

and insulators by dip-pen nanolitho-

graphy. Science 296, 1836–1868.
17 Legler, J. M., Ries, L. A. G., Smith,

M. A., Warren, J. L., Heineman, E. F.,

Kaplan, R. S., Linet, M. S. (2000)

Brain and other central nervous

system cancers: Recent trends in

incidence and mortality – Response.

J. Natl. Cancer Inst. 92, 77–78.
18 Prados, M., Chang, S., Burton, E.,

Kapadia, A., Rabbitt, J., Page, M.,

Federoff, A., Kelly, S., Fyfe, G., et al.

(2003) Phase I study of OSI-774 alone

228 12 Label-Free Nanowire and Nanotube Biomolecular Sensors



or with temozolomide in patients

with malignant glioma. Proc. Am.
Soc. Clin. Oncol. 22, 99.

19 Rich, J. N., Reardon, D. A., Peery, T.,

Dowell, J. M., Quinn, J. A., Penne,

K. L., Wikstrand, C. J., Van Duyn,

L. B., Dancey, J. E., McLendon, R. E.,

et al. (2004) Phase II trial of gefitinib

in recurrent glioblastoma. J. Clin.
Oncol. 22, 133–142.

20 Mellinghoff, I. K., Wang, M. Y.,

Vivanco, I., Haas-Kogan, D. A., Zhu,

S. J., Dia, E. Q., Lu, K. V., Yoshimoto,

K., Huang, J. H. Y., Chute, D. J., et al.

(2005) Molecular determinants of the

response of glioblastomas to EGFR

kinase inhibitors. N. Engl. J. Med.
353, 2013–2024.

21 Bailey, P., Cushing, H. (1928) A
Classification of the Tumors of the
Glioma Group on a Histogenic Basis
with a Correlated Study of Prognosis.
Lippincott, Philadelphia, Pennsylvania.

22 Lu, Q. R., Sun, T., Zhu, Z., M., Ma,

N., Garcia, M., Stiles, C. D., Rowitch,

D. H. (2002) Common developmental

requirement for Olig function indi-

cates a motor neuron/oligodendrocyte

connection. Cell 109, 75–86.
23 Doetsch, F. (2003) The glial identity

of neural stem cells. Nature Neurosci.
6, 1127–1134.

24 Hemmati, H. D., Nakano, I., Lazareff,

J. A., Masterman-Smith, M.,

Geschwind, D. H., Bronner-Fraser,

M., Kornblum, H. I. (2003)

Cancerous stem cells can arise from

pediatric brain tumors. Proc. Natl.
Acad. Sci. USA 100, 15178–15183.

25 Betensky, R. A., Louis, D. N.,

Cairncross, J. G. (2002) Influence of

unrecognized molecular heterogene-

ity on randomized clinical trials. J.
Clin. Oncol. 20, 2495–2499.

26 Mischel, P. S., Cloughesy, T. F.,

Nelson, S. F. (2004) DNA-microarray

analysis of brain cancer: Molecular

classification for therapy. Nature Rev.
Neurosci. 5, 782–794.

27 Backmann, N., Zahnd, C., Huber, F.,

Bietsch, A., Plückthun, A., Lang,

H.-P., Güntherodt, H.-J., Hegner, M.,

Gerber, C. (2005) A label-free

immunosensor array using single-

chain antibody fragments. Proc. Natl.
Acad. Sci. USA 102, 14587–14592.

28 Yue, M., Lin, H., Dedrick, D. E.,

Satyanarayana, S., Majumdar, A.,

Bedekar, A. S., Jenkins, J. W.,

Sundaram, S. (2004) A 2-D micro-

cantilever array for multiplexed bio-

molecular analysis. J. Microelectromech.
Syst. 13, 290–299.

29 Lundstroem, I., Shivaraman, S.,

Svensson, C., Lundkvist, L. (1975)

Hydrogen-sensitive MOS field-effect

transistor. J. Appl. Phys. 26, 55–57.
30 Kharitonov, A. B., Shipway, A. N.,

Willner, I. (1999) An Au nanoparticle/

bisbipyridinium cyclophane-

functionalized ion sensitive field-

effect transistor for the sensing of

adrenaline. Anal. Chem. 71,

5441–5443.

31 Janata, J. (2001) Centennial

retrospective on chemical sensors.

Anal. Chem. 73, 150A–153A.

32 Wilson, D. M., Hoyt, S., Janata, J.,

Booksh, K., Obando, L. (2001)

Chemical sensors for portable,

handheld field instruments. IEEE
Sensors J. 1, 256–274.

33 Covington, J. A., Gardner, J. W.,

Briand, D., de Rooij, N. F. (2001) A

polymer gate FET sensor array for

detecting organic vapours. Sensors
Actuators B77, 155–162.

34 Lud, S. Q., Nikolaides, M. G., Haase,

I., Fischer, M., Bausch, A. R. (2006)

Field effect of screened charges:

Electrical detection of peptides and

proteins by a thin-film resistor. Chem.
Phys. Chem. 7, 379–384.

35 Kong, J., Soh, H. T., Cassell, A. M.,

Quate, C. F., Dai, H. (1998) Synthesis

of individual single-walled carbon

nanotubes on patterned silicon

wafers. Nature 395, 878–881.
36 Cheng, M. M.-C., Cuda, G.,

Bunimovich, Y. L., Gaspari, M.,

Heath, J. R., Hill, H. D, Nijdam, A. J.,

Mirkin, C. A., Terracciano, R.,

Thundat, T. G., Ferrari, M. (2006)

Nanotechnologies for biomolecular

detection and medical diagnostics.

Curr. Opin. Chem. Biol. 10, 11–19.
37 Zheng, G., Patolsky, F., Cui, Y.,

Wang, W. U., Lieber, C. M. (2005)

References 229



Multiplexed electrical detection of

cancer markers with nanowire sensor

arrays. Nature Biotechnol. 23, 1294–
1301.

38 Hahm, J., Lieber, C. M. (2004) Direct

ultrasensitive electrical detection of

DNA and DNA sequence variations

using nanowire nanosensors. Nano
Lett. 4, 51–54.

39 Li, Z., Chen, Y., Kamins, T. I., Nauka,

K., Williams, R. S. (2004) Sequence-

specific label-free DNA sensors based

on silicon nanowires. Nano Lett. 4,
245–247.

40 Morales, A., Lieber, C. M. (1998) A

laser ablation method for the

synthesis of crystalline semiconductor

nanowires. Science 279, 208–211.
41 Yang, P. D. (2005) The chemistry and

physics of semiconductor nanowires.

MRS Bull. 30, 85–91.
42 Melosh, N. A., Boukai, A., Diana, F.,

Geradot, B., Badolato, A., Petroff, P.,

Heath, J. R. (2003) Ultrahigh-density

nanowire lattices and circuits. Science
300, 112–115.

43 Vieu, C., Carcenac, F., Pepin, A.,

Chen, Y., Mejias, M., Lebib, A.,

Manin-Ferlazzo, L., Couraud, L.,

Launois, H. (2000) Electron beam

lithography: resolution limits and

applications. Appl. Surf. Sci. 164,
111–117.

44 Israelachvili, J. (1985) Intermolecular
and Surface Forces. Academic Press,

London.

45 Hu, K., Fan, F.-R. F., Bard, A. J.,

Hillier, A. C. (1997) Direct measure-

ment of diffuse double-layer forces at

the semiconductor/electrolyte

interface using an atomic force

microscope. J. Phys. Chem. B 101,

8298–8303.

46 Heinze, S., Tersoff, J., Martel, R.,

Derycke, V., Appenzeller, J., Avouris,

P. (2002) Carbon nanotubes as

Schottky barrier transistors. Phys. Rev.
Lett. 89, 106801.

47 Chen, R. J., Choi, H. C., Bangsarun-

tip, S., Yenilmez, E., Tang, X. W.,

Wang, Q., Chang, Y. L., Dai, H. J.

(2004) An investigation of the mecha-

nisms of electronic sensing of protein

adsorption on carbon nanotube

devices. J. Am. Chem. Soc. 126, 1563–
1568.

48 Byon, H. R., Choi, H. D. (2006)

Network single-walled carbon

nanotube-field effect transistors

(SWNT-FETs) with increased Schottky

contact area for highly sensitive

biosensor applications. J. Am. Chem.
Soc., 128, 2188–2189.

49 Patolsky, F., Zheng, G., Hayden, O.,

Lakadamyali, M., Zhuang, X., Lieber,

C. M. (2004) Electrical detection of

single viruses. Proc. Natl. Acad. Sci.
USA 101, 14017–14022.

50 Bunimovich, Y., Shing, Y. S., Heath,

J. R. (2006) Unpublished results.

51 Star, A., Tu, E., Niemann, J., Gabriel,

J.-C. P., Joiner, C. S., Valcke, C.

(2006) Label-free detection of DNA

hybridization using carbon nano-

tube network field-effect transistors.

Proc. Natl. Acad. Acad. USA 103, 921–

926.

52 Karlsson, R., Falt, A. (1997) Experi-

mental design for kinetic analysis of

protein-protein interactions with

surface plasmon resonance. J.
Immunol. Methods 200, 121–133.

53 Backmann, N., Zahnd, C., Huber, F.,

Bietsch, A., Pluckthun, A., Lang,

H. P., Guntherodt, H. J., Hegner, M.,

Gerber, C. (2005) A label-free

immunosensor array using single-

chain antibody fragments. Proc.
Natl. Acad. Sci. USA 102, 14587–

14592.

54 Wendt, H., Leder, L., Harma, H.,

Jelesarov, I., Baici, A., Bosshard, H. R.

(1997) Very rapid, ionic strength-

dependent association and folding of

a heterodimeric leucine zipper.

Biochemistry 36, 204–213.
55 Perry-O’Keefe, H., Yao, X.-W., Coull,

J. M., Fuch, M., Egholm, M. (1996)

Peptide nucleic acid pre-gel

hybridization: An alternative to

Southern hybridization. Proc. Natl.
Acad. Sci. USA 93, 14670–14675.

56 Zimmerman, M., Delamarche, E.,

Wolf, M., Hunziker, P. (2005)

Modeling and optimization of high-

sensitivity, low-volume microfluidic-

based surface immunoassays. Biomed.
Microdev. 7, 99–110.

230 12 Label-Free Nanowire and Nanotube Biomolecular Sensors



57 Sheehan, P. E., Whitman, L. J.

(2005) Detection limits for nano-

scale biosensors. Nano Lett. 5, 803–
807.

58 Li, C., Curreli, M., Lin, H., Lei, B.,

Ishikawa, F. N., Datar, R., Cote, R. J.,

Thompson, M. E., Zhou, C. (2005)

Complementary detection of prostate-

specific antigen using ln(2)O(3)

nanowires and carbon nanotubes.

J. Am. Chem. Soc. 127, 12484–
12485.

59 Li, Z., Rajendran, B., Kamins, T. I.,

Li, X., Chen, Y., Williams, R. S.

(2005) Silicon nanowires for

sequence-specific DNA sensing:

device fabrication and simulation.

Appl. Phys. A80, 1257–1263.
60 Heath, J. R., LeGoues, F. K. (1993) A

liquid solution synthesis of single-

crystal germanium quantum wires.

Chem. Phys. Lett. 208, 263–268.
61 Beckman, R., Johnston-Halperin, E.,

Luo, Y., Green, J. E., Heath, J. R.

(2005) Bridging dimensions:

Demultiplexing ultrahigh-density

nanowire circuits. Science 310,
465–468.

62 Zhong, Z., Wang, D., Cui, Y.,

Bockrath, M. W., Lieber, C. M. (2003)

Nanowire crossbar arrays as address

decoders for integrated nanosystems.

Science 302, 1377–1379.
63 Chung, S. W., Yu, J. Y., Heath, J. R.

(2000) Silicon nanowire devices. Appl.
Phys. Lett. 76, 2068–2070.

64 McAlpine, M. C., Friedman, R. S.,

Jin, S., Lin, K.-H., Wang, W. U.,

Lieber, C. M. (2003) High-

performance nanowire electronics

and photonics on glass and plastic

substrates. Nano Lett. 3, 1531–1535.
65 Wang, D., Sheriff, B., Heath, J. R.

(2006) Silicon p-FETs from ultrahigh

density nanowire arrays. Nano Lett. 6,
1096–1100.

66 Jung, G. Y., Johnston-Halperin, E.,

Wu, W., Yu, Z. N., Wang, S. Y., Tong,

W. M., Li, Z. Y., Green, J. E., Sheriff,

B. A., Boukai, A., Bunimovich, Y.,

Heath, J. R., Williams, R. S. (2006)

Nano Lett. 6, 351–354.
67 Chen, R. J., Bangsaruntip, S.,

Drouvalakis, K. A., Kam, N. W. S.,

Shim, M., Li, Y., Kim, W., Utz, P. J.,

Dai, H. (2003) Noncovalent function-

alization of carbon nanotubes for

highly specific electronic biosensors.

Proc. Natl. Acad. Sci. USA 100, 4984–

4989.

68 Chen, R. J., Zhang, Y., Wang, D., Dai,

H. (2001) Noncovalent sidewall

functionalization of single-walled

carbon nanotubes for protein

immobilization. J. Am. Chem. Soc.
123, 3838–3839.

69 Diehl, M. R., Steuerman, D. W.,

Tseng, H.-R., Vignon, S. A., Star, A.,

Celester, P. C., Stoddart, J. F., Heath,

J. R. (2003) Single-walled carbon

nanotube based molecular switch

tunnel junctions. Chem. Phys. Chem.

4, 1335–1339.

70 Steuerman, D. W., Star, A.,

Narizzano, R., Choi, H., Ries, R. S.,

Nicolini, C., Stoddart, J. R., Heath,

J. R. (2002) Interactions between

conjugated polymers and single-

walled carbon nanotubes. J. Phys.
Chem. 106, 3124–3130.

71 O’Connell, M. J., Boul, P., Ericson,

L. M., Huffman, C., Wang, Y., Haroz,

E., Kuper, C., Tour, J., Ausman, K. D.,

Smalley, R. E. (2001) Reversible

water-solubilization of single-walled

carbon nanotubes by polymer

wrapping. Chem. Phys. Lett. 342,
265–271.

72 Besteman, K., Lee, J.-O., Wiertz,

F. G. M., Heering, H. A., Dekker, C.

(2003) Enzyme-coated carbon

nanotubes as single-molecule

biosensors. Nano Lett. 6, 727–730.
73 Zheng, M., Jagota, A., Strano, M. S.,

Santos, A. P., Barone, P., Chou, S. G.,

Diner, B. A., Dresselhaus, M. S.,

McLean, R. S., Onoa, G. B., et al.

(2003) Structure-based carbon

nanotube sorting by sequence-

dependent DNA assembly. Science
302, 1545–1548.

74 Yeo, W. S., Yousaf, M. N., Mrksich,

M. (2003) Dynamic interfaces

between cells and surfaces:

Electroactive substrates that

sequentially release and attach

cells. J. Am. Chem. Soc. 125, 14994–
14995.

References 231



75 Yousaf, M. N., Mrksich, N. (1999)

Diels-Alder reaction for the selective

immobilization of protein to electro-

active self-assembled monolayers. J.
Am. Chem. Soc. 121, 4286–4287.

76 Bunimovich, Y., Ge, G., Beverly,

K. C., Ries, R. S., Hood, L., Heath,

J. R. (2004) Electrochemically

programmed, spatially selective

biofunctionalization of silicon wires.

Langmuir 24, 10630–10638.
77 Curreli, M., Li, C., Sun, Y. H., Lei, B.,

Gundersen, M. A., Thompson, M. E.,

Zhou, C. W. (2005) Selective func-

tionalization of In2O3 nanowire mat

devices for biosensing applications.

J. Am. Chem. Soc. 127, 6922–6923.
78 Rohde, R., Agnew, H., Yeo, W.-S.,

Bailey, R., Heath, J. R. (2006) A non-

oxidative approach towards

chemically and electrochemically

biofunctionalizing Si(111). J. Am.
Chem. Soc. 128, 9518–9525. DOI:
10.1021/ja062012b.

79 Star, A., Gabriel, J. C. P., Bradley, K.,

Gruner, G. (2003) Electronic detection

of specific protein binding using

nanotube FET devices. Nano Lett. 3,
459–463.

80 Wang, W. U., Chen, C., Lin, K.-H.,

Fang, Y., Lieber, C. M. (2005) Label-

free detection of small-molecule–

protein interactions by using

nanowire nanosensors. Proc. Natl.
Acad. Sci. USA 102, 3208–3212.

81 Chen, R. J., Bangsaruntip, S.,

Drouvalikis, K. A., Kam, N. W. S.,

Shim, M., Li, Y., Kim, W., Utz, P. J.,

Dai, H. (2003) Noncovalent

functionalization of carbon nanotubes

for highly specific electronic

biosensors. Proc. Natl. Acad. Sci. USA
100, 4984–4989.

82 Star, A., Gabriel, J.-C. P., Bradley, K.,

Gruner, G. (2003) Electronic detection

of specific protein binding using

nanotube FET devices. Nano Lett. 3,
459–463.

232 12 Label-Free Nanowire and Nanotube Biomolecular Sensors



13

Bionanoarrays

Rafael A. Vega, Khalid Salaita, Joseph J. Kakkassery,

and Chad A. Mirkin

13.1

Overview

Patterned arrays of biomolecules, such as DNA, proteins, viruses, and cells, have

been utilized as powerful tools in a variety of biological studies. Microarrays, in

particular, have led to significant advances in many areas of medical and bio-

logical research, opening up avenues for the combinatorial screening and identi-

fication of single-nucleotide polymorphisms (SNPs), high-sensitivity expression

profiling of proteins, and high-throughput analysis of protein function [1]. With

the advent of powerful new nanolithographic methods, such as dip-pen nano-

lithography (DPN) [2], there is now the possibility of reducing the feature size in

such arrays to their physical limit, the size of the structures from which they are

made of, and the size of the structures they are intended to interrogate (Figure

13.1) [3]. Such massive miniaturization not only allows one to increase the den-

sity of combinatorial libraries, to increase the sensitivity of such structures in the

context of a biodiagnostic event, and to reduce the required sample analyte vol-

ume, but also to carry out studies that are not possible with the more conven-

tional microarray format. Arrays with features on the nanometer-length scale

open up the opportunity to study many biological structures at the single particle

level [4]. Such features can be used to immobilize and orient individual virus par-

ticles and to study many important processes such as cell infectivity and virus

proliferation and transmission. These miniaturized features allow one to contem-

plate the creation of the equivalent of an entire combinatorial library (e.g., a gene

chip or complex protein array) underneath a single cell, thus opening new pos-

sibilities for the study of important fundamental, multivalent, processes such

as cell-surface recognition, adhesion, differentiation, growth, proliferation, and

apoptosis.

In this chapter, methods for preparing biological nanoarrays made from

biomaterials – including proteins, oligonucleotides, and viruses – will be high-
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lighted. The focus will be on techniques that allow feature size to be controlled on

the sub-500 nm length scale.

13.2

Methods

There is currently a suite of techniques available – with various advantages and

disadvantages – for generating nanoscale features of biological molecules. The

goal of this section is to highlight some of the more promising methods for gen-

erating nanoarrays of biological molecules, and to emphasize how they differ in

terms of resolution, multiplexing capabilities, and throughput.

13.2.1

Atomic Force Microscope-Based Methods

Since its inception in 1986, atomic force microscopy (AFM) has been used for

elucidating structural details for a variety of surface-bound molecules and ma-

terials [5]. Recently, AFM-based lithographies have emerged as powerful tools for

patterning biological molecules at the nanometer length scale, most notably

through the invention of DPN [4, 6, 7]. In this section, the use of AFM-based

methods for generating arrays of biological molecules will be introduced and

highlighted.

Fig. 13.1 Using low-resolution dip-pen nanolithography (DPN), 55 000

protein spots, each of 250 nm, can be spotted in an area occupied by a

single spot (200 mm diameter) in a conventional microarray. Patterns

can be further miniaturized using high-resolution DPN to generate a

total of 13 000 000 spots in a 200� 200 mm2 area. (Figures reprinted

with permission from Ref. [3]; 8 2005, American Chemical Society.)
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Most AFM-based patterning techniques use a scanning probe tip to selectively

eliminate (i.e., etch, electrochemically oxidize, or displace) part of an adsorbed

monolayer to generate a template for capturing biomolecules [8–10]. An excep-

tion to this method is DPN, where an ‘‘ink’’-coated AFM tip is used to directly

deliver nanoscopic amounts of an adsorbate to a surface on the sub-50 nm to

many micrometer-length scale [2, 11] (Figure 13.2). DPN is particularly well-

suited for patterning biological and soft organic structures onto surfaces, as it op-

erates under ambient conditions without the need for an electron or ion beam

[11]. Also, because DPN is a ‘‘constructive’’ rather than ‘‘destructive’’ patterning

tool, the fabrication of high-density combinatorial arrays of different biomolecules

with ultrahigh registry is possible. Thus far, DPN has been used to generate ar-

rays of synthetic DNA oligomers, proteins, and peptides [6, 7, 12–19]. In many

cases, tip and substrate modification protocols have been developed to maintain

the biological fidelity of the deposited structures [12].

The direct deposition of biomolecules using DPN requires the chemical

modification of an AFM tip for reproducible tip coating, and the implementa-

tion of suitable ink–substrate coupling chemistries for reliable biomolecular

transport. For example, the direct deposition of DNA was achieved using

hexanethiol-modified oligonucleotides on gold surfaces, and acrylamide-modified

oligonucleotides on oxidized silicon wafers that had been pre-modified with 3 0-
mercaptopropyltrimethoxysilane [7]. The biological activity of the resulting pat-

terns was confirmed by hybridization with fluorophore- or nanoparticle-labeled

oligonucleotides (Figure 13.3).

DPN has been used to generate chemical affinity templates for the adsorption

of proteins, DNA, and even more recently virus particles from solution [4, 6, 20–

Fig. 13.2 (A) Schematic diagram depicting the dip-pen nanolithography

(DPN) process. (B) Fluorescence images of DPN-generated antibody

structures on a negatively charged SiO2 surface. (Part B reprinted with

permission from Ref. [13]; 8 2003, Wiley-VCH.)
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24]. Indirect patterning approaches are best suited for generating single-

component nanoarrays, and can be used without having to optimize a unique

set of conditions for the deposition of different classes of biomolecules. How

such arrays can be used to study cell-surface recognition is highlighted in Section

13.3.4.

Other AFM-based methods can be used to indirectly pattern DNA and protein

nanostructures. These methods rely on a localized tip–surface interaction to elim-

inate selected areas in an adsorbed monolayer, which in turn allows for another

group of molecules to adsorb to these patterned areas. Liu and coworkers [8, 25,

26] have demonstrated that nanografting can be used to generate nanoscale pat-

terns of DNA and proteins, respectively. In nanografting, a scanning probe tip

under a high applied load displaces resist molecules within a self-assembled

monolayer, which then allows solution species to adsorb to these exposed sites.

Lines of DNA, as narrow as 10 nm, have been fabricated using this technique

[25].

In a similar approach, Cai and coworkers [9] demonstrated that a conductive

AFM tip can be used to selectively eliminate parts of a monolayer on a silicon

(Si) substrate. They then used these substrate-exposed areas to immobilize avidin

and biotinylated bovine serum albumin (BSA). Matsui and coworkers [10] showed

Fig. 13.3 Direct patterning of multiple-DNA

molecules by DPN. (A) Combined red-green

fluorescence overlay image of two different

fluorophore-labeled sequences (Oregon

Green 488-X and Texas Red-X) simultane-

ously hybridized to a two-sequence array

deposited on a silanized SiOx substrate by

DPN. (B) Tapping-mode atomic force micros-

copy (AFM) image of 5-nm (dark) and 13-nm

(light) -diameter gold NPs assembled on the

same pattern after dehybridization of the

fluorophore-labeled DNA. (C) A line plot was

taken diagonally through both NP patterns,

and the start and finish are indicated by the

white arrows in (B). (D) Dark-field optical

image showing scattering from densely

packed 13 nm-diameter DNA-functionalized

NPs hybridized to a 1600-dot DNA array

patterned on SiOx. (Parts A–C reprinted with

permission from Ref. [7]; 8 2003, American

Association for the Advancement of Science.)
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that an AFM tip could be used to ‘‘shave’’ parts of an octadecanthiol monolayer

on Au to subsequently fill and immobilize antibodies into these areas. This shav-

ing technique has been used to generate two-component arrays of antibodies

(mouse and human IgGs), and the biological activity of such structures was con-

firmed by reacting them with the corresponding fluorophore-labeled secondary

antibodies. The difficulty of this serial process comes from the cross-reactivity

and nonspecific binding of the antibodies. The first set of features is always ex-

posed to the solution used to generate the second set of features. Furthermore,

feature size-broadening often results from tip damage, and the approach, thus

far, has not been amenable to parallelization, which imposes significant through-

put limitations.

Overall, AFM-based patterning techniques provide a resolution commensurate

with the size of certain individual biomolecules and structures (@10 nm), offering

new opportunities to investigate biological reactions, and to investigate mono-

and multivalent processes at the single particle level (for discussions, see Sections

13.3 and 13.5). Such uses cannot be addressed using microarrays, because of a

size mismatch between the features in the array and the structures being probed

(e.g., viruses, cells, and spores). Although indirect elimination-based techniques –

such as nanografting, nanoshaving, or nanoscale oxidation – provide excellent

resolution, these techniques are currently limited in throughput and do not offer

extended multiplexing capabilities. At present, only DPN is capable of the direct

delivery of multiple biomolecules at ultrahigh resolution and registry. Further-

more, recent advances in parallel DPN using linear [27] and large two-

dimensional (2-D) arrays of cantilevers [28] have substantially increased the

throughput of this method, and this now allows researchers to pattern over

square-centimeter areas.

13.2.2

Nanopipet Deposition

Nanopipetting is based on scanning ion-conductance microscopy (SCIM), which

was a technique developed to scan soft non-conducting materials by using an

electrolyte-filled micropipet as a probe [29]. In SCIM, the ionic-current flowing

between an electrode inside the micropipet and a counterelectrode inside the

bath is used to control the pipet–substrate distance. By using a pipette with a

100- to 150-nm diameter orifice, research groups have used SCIM to deliver small

quantities of DNA and proteins onto various substrates (Figure 13.4) [30]. The

number of molecules exiting the tip orifice is dependent on a combination of

applied current, electro-osmotic flow, electrophoresis, and dielectrophoresis, de-

pending on the size, charge, and polarizablity of the specific molecules being de-

posited. It is therefore necessary to characterize the delivery of molecules from

the pipet experimentally, as each molecule type has different transport properties

that depend upon the magnitude of the electric field.

SCIM deposition of biomolecules occurs in solution, and consequently the fea-

ture size depends heavily on the pipet–substrate distance and on the diffusion of
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biomolecules to the surface. Once the molecules leave the nanopipet tip, there are

two contributions to their motion toward the surface: (i) the directed electro-

osmotic flow from the pipet; and (ii) subsequent diffusion in solution on the sub-

strate. The highest resolution achieved by nanopipet deposition thus far is ap-

proximately@800 nm. As the deposition occurs in a buffered solution, the biolog-

ical activity of the deposited molecules is typically preserved [31].

More recently, Klenerman and coworkers [32] reported a ‘‘double-barreled

nanopipet’’, where two types of molecules are independently delivered to a surface

from the pipet barrels of a single tip. This technique can be carried out in air,

which provides higher resolution and eliminates the registry problems involving

the deposition of two different species on a surface. This method has been used

to deposit spots of DNA or proteins as small as @500 nm onto a polyethylenei-

mine (PIE)-coated glass substrate.

Nanopipet-based delivery of biomolecules is among the few techniques capable

of directly depositing biomolecules onto surfaces but, at present, it is significantly

limited in terms of resolution and throughput.

13.2.3

Beam-Based Methods

Electron-beam lithography (EBL) is a technique widely used to fabricate nano-

scale masks in the semiconductor industry [33], and it is capable of producing

Fig. 13.4 (A) Schematic of a typical

nanopipet experiment. Fluorescence images

(B) 25 dots of biotinylated DNA deposited

with a 10-s hold time each onto a

streptavidin-coated glass surface. (C) Line

scan of the bottom row in part (B); the

FWHM is 830G 80 nm. (D) Squares of

biotinylated DNA written over each other to

create a pattern with increasing intensities.

(E) Dots of protein G on a positively charged

glass surface. (Reprinted with permission

from Refs. [30, 31]; 8 2002 and 2003,

American Chemical Society.)
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high-quality sub-10 nm features on inorganic substrates. Recently, it has been

used to generate nanoscale arrays of biomolecules via an indirect patterning

approach. With EBL, patterns are first drawn on a thin layer of photoresist or on

a chemisorbed monolayer of molecules. Patterned areas are then chemically

modified to capture biomolecules present in a bulk solution, and the surrounding

areas are passivated with other molecules that resist the nonspecific adsorption of

biomolecules [34–36].

For example, Dupont-Gillain and coworkers [37] generated collagen nanoar-

rays using EBL. They initially wrote thin lines (line widths ¼ 30–90 nm) in a

poly(methyl methacrylate) (PMMA) resist, which was selectively dissolved to allow

for the gas-phase grafting of a CH3-terminated alkylsilane (Figure 13.5A). Colla-

gen molecules can then adsorb onto these CH3-terminated alkylsilane features.

The group then showed that collagen can be aligned and assembled into con-

tinuous bundles when the feature size is much smaller than the length of one

collagen molecule (@300 nm) (Figure 13.5B). Jonas and coworkers [38] also

studied the adsorption of globular proteins onto nanoscopic CH3-terminated line

templates surrounded by chemisorbed oligo(ethylene oxide). The group demon-

strated that the orientation of the adsorbed globular proteins can be tailored by

reducing the size of the adsorption region below 50 nm, which is believed to re-

orient the proteins adsorbed at the edges of each stripe. Both of these examples

demonstrate that EBL can be used to generate templates that adsorb biomolecules

and, in some cases, control their orientation. However, this approach is limited

with respect to multiplexing, because only one type of biomolecule can be depos-

Fig. 13.5 (A) Schematic diagram of the five

steps associated with the fabrication of

anisotropic chemical nanopatterns. 1,

Irradiation of a poly(methyl methacrylate)

(PMMA) resist layer, spin-coated on a silicon

wafer, with a focused electron beam to create

a pattern of parallel lines. 2, Selective

dissolution of the irradiated PMMA. 3,

Grafting of the methyl-terminated alkylsilanes

on bare silicon oxide. 4, Dissolution of the

remaining PMMA. 5, Grafting of PEG-

alkylsilanes on bare silicon oxide. (B) AFM

height image (2� 1 mm2), in air, of a CH3-

50/PEG-550 area after collagen adsorption

where the cross-section is taken along the

horizontal black-dashed line. (Reprinted with

permission from Ref. [37]; 8 2005, Wiley-

VCH.)
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ited on a nanostructured array. Although parallel EBL methods are currently be-

ing developed, these are prohibitively complex, and thus the throughput of EBL-

based patterning is also quite limited [33].

In order to address the issue of low-throughput in EBL, the use of nanoimprint

lithography (NIL) was introduced for patterning biomolecules [39, 40]. NIL typi-

cally replicates EBL-defined structures in polymer films, and can be used to rap-

idly generate extremely small features over large areas. Various proteins such as

streptavidin and anti-catalase were immobilized onto aminosilane patterns as

small as 75 nm. The biological activities of the immobilized proteins were con-

firmed by monitoring their reaction with fluorophore-labeled antibodies. How-

ever, NIL is also an indirect approach to patterning biomolecules, and therefore,

it is difficult to pattern multiple biomolecules in the context of a single nanoarray.

NIL, thus far, can only replicate pre-existing patterns, and therefore each pattern

requires the design and fabrication of a different mask, which can be prohibitive

if one needs systematically to modify the pitch, size, and/or pattern shape. For

certain applications, these parameters are important, and will be discussed in

Section 13.3.4.

13.2.4

Contact Printing

Microcontact printing (mCP) techniques have been utilized over the past decade to

generate micron-scale biomolecule patterns on a variety of substrates [41]. More

recently, nanocontact printing (nCP) techniques have been developed for the di-

rect or indirect deposition of a variety of biomolecules on the sub-50 nm length

scale [42–44]. mCP and nCP rely on the use of an elastomeric stamp patterned

with relief structures to generate patterns and structures with feature sizes rang-

ing from 30 nm to 100 mm.

By decreasing the feature size on an elastomeric poly(dimethylsiloxane)

(PDMS) stamp to below 100 nm and using dilute protein ink solutions, Delam-

arche and coworkers [42] demonstrated that a very small number of green fluo-

rescent protein molecules (GFP) can be patterned on a glass substrate. The exact

position of the GFP molecules is withinG50 nm of the theoretical center of the

dots, although there is a significant fraction (@60%) of surface sites that remain

unoccupied. Huck et al. [43] utilized a combination of ‘‘sharp’’ and ‘‘hard’’ PDMS

stamps, with high-molecular weight inks to generate 60-nm multimeric pro-

tein lines. The advantage of using nCP is that it is a direct-write technique and

therefore a much simpler method for generating nanoscale arrays of biomole-

cules compared to indirect methods such as EBL or NIL. Similar to NIL, nCP

can be used to pattern over large areas, although pattern registry and pattern

size can vary depending on the uniformity of the applied load on the stamp. The

ability to deposit multi-component structures in nCP or mCP is quite limited, but

DPN has recently been used to ink individual stamp features; it has also been

demonstrated that three different DNA strands can be patterned simultaneously

[44].
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Recently, a novel DNA stamping technique – sometimes referred to as supra-

molecular nano-stamping (SuNS) – was introduced independently by our group

[45], Crooks et al. [46] and Stellacci et al. [47, 48] for the efficient replica-

tion and printing of DNA micro- and nanoarrays. SuNS consists of three steps:

hybridization; contact; and dehybridization. SuNS has allowed the printing of

DNA patterns as small as 50 nm on PMMA substrates, and may prove to be a

simple method for rapidly replicating DNA arrays. This method, which shows

promise for printing chemically modified DNA, relies on the highly specific and

selective hybridization properties of oligonucleotides. The throughput of this

technique is very high, although each new pattern requires the use of a new

mask.

13.2.5

Assembly-Based Patterning

Periodic nanoarrays of biomolecules have been prepared via three different ap-

proaches that use three different classes of materials: colloidal particles [49, 50];

diblock copolymer micelles [51]; and 2-D DNA tiles [52, 53]. In each of these

cases, a phase-separated material or prefabricated structure is used to direct the

assembly of biomolecules into a preconceived periodic pattern. Directed-assembly

techniques are viewed as attractive methods by some researchers because they are

often straightforward to implement, inexpensive, and in some cases provide very

high resolution. For example, nanosphere lithography (NSL) utilizes the intersti-

tial spaces in a monolayer of close-packed colloidal particles to pattern a variety of

materials. NSL provides hexagonally patterned lithographic masks for further sur-

face processing. For example, Ocko et al. [54] have used 300-nm colloidal particles

of polystyrene to protect an underlying vinyl monolayer from oxidation and sub-

sequent chemical coupling to polyethylene glycol (PEG)-silane. This approach

was used to generate @120 nm islands that could capture lysozyme proteins

from solution, and the biological activity of patterned lysozyme was subsequently

confirmed using antibody–antigen binding. Although NSL is limited to hexago-

nal patterns of single-component structures with modest control over array archi-

tectural dimensions (feature size and pitch), this method offers an economical so-

lution for large-scale high-resolution protein patterning. It should be noted that

Van Duyne and coworkers have conducted some impressive NSL studies with

abiological systems and have dramatically extended the flexibility and capabilities

of the approach [55, 56]. It is conceivable that some of their advances could be

extended to biological systems [57].

Spatz and coworkers [51] have shown that the assembly of diblock copolymer

micelles on glass surfaces results in the formation of a hexagonal, close-packed

structure. When gold (Au) nanoparticles (NPs) are enclosed within these mi-

celles, hexagonally packed Au NPs form on glass substrates once the organic

polymer is removed by plasma treatment. The distances between the Au NPs

can be adjusted through the choice of diblock-copolymer size, and were varied be-

tween 28G 5, 58G 7, 73G 8, and 85G 9 nm. Such structures were used to study
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the activation of integrin function (this is described in more detail in Section

13.3.4). This is an interesting approach towards controlling the spacing between

ligands, although the range of inter-particle spacings is limited.

Recently, periodic arrays of assembled DNA tiles or grids have been used as

elaborate scaffolds to organize materials at the nanometer-length scale [52, 53,

58, 59]. DNA assemblies have been formed using carefully designed linear oligo-

nucleotides with complementary base-pairing segments that form branch-

junction motifs. These DNA assemblies were produced with various geometrical

structures and functions, ranging from periodic one-dimensional (1-D) materials,

to three-dimensional (3-D) polyhedra. The precise positioning of a single strepta-

vidin protein by site-selective attachment within finite 2-D DNA grids is shown in

Figure 13.6. The synthesis of such nanostructures involves interactions between a

large number of short oligonucleotides, and the final yield is highly dependent on

the stoichiometry. Although the length scale over which these arrays are regular

is small (@1 mm) and the precise position of each DNA assembly cannot be con-

trolled or macroscopically addressed, these arrays provide nanometer precision in

controlling the spacing between materials.

13.3

Protein Nanoarrays

Protein microarrays have enabled the high-throughput analysis of protein func-

tion, protein–protein interactions, catalysis, drug screening, and other biochem-

ical reactions [1, 60]. However, biorecognition is inherently a nano- rather than a

microscopic phenomenon. Therefore, nanoarrays are beginning to enable scien-

tists not only to ask but also answer some detailed questions regarding the inter-

actions of biological structures (i.e., cells) with immobilized protein features [51].

Furthermore, nanoarrays of proteins (i.e., antibodies) with well-defined feature

size and spacing have been shown to be important and advantageous in develop-

Fig. 13.6 Demonstration of precise programming by assembly. The

letters ‘‘D, N, and A’’ were assembled on DNA tile arrays (4� 4)

decorated with protein using the two-step minimal depth strategy.

(Reprinted with permission from Ref. [59]; 8 2006, Wiley-VCH.)
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ing novel immunoassay schemes for the sensitive and selective detection of mac-

romolecules [20]. In this section, we will describe the immobilization chemistries

used to prepare protein nanoarrays, and some of the applications of these arrays.

13.3.1

Strategies for Immobilizing Proteins on Nanopatterns

Because there are many types of proteins with a wide variety of functional groups,

different chemical methods have been designed to effectively immobilize the dif-

ferent classes of proteins. Proteins are extremely fragile, contain multiple domain

structures, and can have multiple interaction sites. One of the simplest and fast-

est ways to immobilize proteins is through electrostatic interactions. However,

proteins immobilized in this way are often not robust and can be significantly af-

fected by changes in solution pH and ionic strength, thereby allowing for the pos-

sibility of protein desorption. Because there is no specific interaction between the

desired protein and the surface, the proteins are often randomly attached to such

substrates. In the case of microarrays, electrostatic binding, in many cases, re-

sults in immobilized proteins with an acceptable level of target binding. This is

because the feature size is large enough such that some of the immobilized pro-

teins are in the proper orientation to support analyte binding. Nanoarrays are not

likely to perform the same as the feature area is significantly reduced in size [6,

12, 61], and in order to realize a system with feature properties that are similar

from spot to spot, immobilization strategies that result in uniform protein immo-

bilization with consistent and optimized bioactivity are needed.

Certain covalent attachment strategies offer researchers the ability to generate

immobilized protein structures with substantially higher bioactivities. These tech-

niques have been commonly used in array-type formats to permanently fix pro-

teins on a substrate through a variety of functional groups present on their sur-

face, such as amino-, carboxyl-, hydroxyl-, and thiol-moieties. These moieties can

be readily coupled to an amine- or thiol-terminated surface with the appropriate

crosslinkers [60]. The covalent approach, usually, produces higher concentrations

of proteins on the patterned area than what is produced through electrostatic ad-

sorption. However, the proteins are still immobilized in random forms, which

can lead to decreased sensitivities and complete loss of biological activity in

surface-based immunoassays compared to immobilization strategies that orient

the proteins [62, 63].

A variety of techniques have been developed for the directed immobilization of

proteins – specifically antibodies – in active states. The most common method

has been the use of antibody-binding proteins A, G, and A/G, which bind the Fc

portions of antibodies, leaving their Fab binding sites exposed to solution. Re-

searchers have coupled the covalent approach, described above, for the immobili-

zation of protein A/G to direct the immobilization of antibodies on a surface [64,

65]. However, protein A/G is costly and has varying affinities – and in some cases

no affinity – for the different classes of antibodies, and this limits their use in

some immunobased assays. Recently, a new approach has been developed in our
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group that uses metal-ions as a linker between the surface and the antibody [24].

This approach has the potential to be a low-cost alternative for immobilizing

many types of antibodies in active states (Figure 13.7).

A recent study explored the effects of some of the above-described methods of

antibody attachment on analyte binding, and found that certain immobilization

approaches can increase analyte binding capacity up to 10-fold [66]. Thus, for

nanoarray-type applications requiring high sensitivity and low detection limits,

such directed protein immobilization techniques are likely to significantly im-

prove their performance in cell-based or immunobased assays.

13.3.2

Bio-Analytical Applications

There can be significant benefits to the miniaturization of chip-based protein as-

says. These benefits include the use of less capture materials, less analyte, a re-

Fig. 13.7 AFM tapping mode image of (A)

anti-Udorn (polyclonal goat IgG) immobilized

on 500-nm MHA dot arrays pretreated with

Zn(NO3)2�6H2O; (B) after the addition and

binding of the influenza virus; and (C)

followed by the sandwiching of the virus-

antibody complex through anti-HA

(monoclonal mouse IgG1) and goat anti-

mouse (secondary antibody). Fluorescence

images of (C) treated with (D) and without

(E) influenza virus particles. Scale bars: A,

B ¼ 1 mm; C–E ¼ 3 mm for the array and 1

mm for the insert. (Reprinted with permission

from Ref. [24]; 8 2006, Wiley-VCH.)
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duction in the total sample volume and, under certain circumstances, lower lim-

its of detection over conventional immunoassays. Although these nanopatterning

techniques are still in their infancy, they represent the next major step in the

miniaturization of immunoassays.

A proof-of-concept example of this type of diagnostic application was recently

carried out by our group in collaboration with the group of Wolinsky [20], where

nanoarrays of monoclonal antibodies for HIV-1 p24 were utilized to detect HIV-1

p24 antigen in blood samples (1 mL) obtained from men with fewer than 50

copies of RNA per mL of plasma (Figure 13.8). The presence of the array-captured

p24 was measured by AFM, and the signal was amplified by treating the array

Fig. 13.8 (A) Schematic representation of the

detection of HIV-1 p24 through the use of

antibody nanoarrays. AFM images and height

profiles for (B) an anti-p24 nanoarray

(6.4G 0.9 nm; n ¼ 10) adsorbed on MHA,

(C) after p24 binding (height increase of

2.3G 0.6 nm; n ¼ 10), and (D) detection and

amplification of p24 through a sandwich

complex with anti-p24 coated gold NPs

(height increase of 20.3G 1.9 nm; n ¼ 10).

(Reprinted with permission from Ref. [20];

8 2004, American Chemical Society.)
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with captured target with anti-p24-modified Au NPs, allowing for a significant in-

crease in the height of the spots. This nanoarray-based assay exhibited a limit of

detection (0.025 pg mL�1) – three orders of magnitude lower than the conven-

tional enzyme-linked immunosorbent assay (ELISA), with a detection limit of 5

pg mL�1.

13.3.3

Dynamic and Motile Nanoarrays

Chip-based capture and release of target proteins directly from complex mixtures,

in the context of nanoarrays, could provide functionality in integrated bioana-

lytical nanoscale devices in which the transport, separation, and detection of a

small number of biomolecules could be performed in one integrated system.

Chilkoti, Zauscher, and coworkers [21] have fabricated stimulus-responsive

elastin-like polypeptide (ELP) nanostructures that respond to changes in ionic

strength and temperature. ELP nanostructures were covalently end-grafted

onto 200-nm features of o-substituted alkane thiolates generated by DPN. A

thioredoxin–ELP fusion protein was immobilized onto these ELP nanopatterns

above the lower critical solution temperature (LCST). Below the LCST, the thiore-

doxin could be released back into solution. These experiments demonstrate that

‘‘smart,’’ surface-confined biomolecular switches can be built and integrated into

nanoscale bioanalytical devices.

Another type of dynamic protein nanoarray has been used in the development

of a hybrid nanodevice based on a rotary motor. Soong et al. [67] demonstrated

that a multi-subunit protein complex (ATP synthase) with domains that rotate

about its membrane-bound axis during the hydrolysis of ATP, could be used to

power the rotation of an inorganic Ni rod (nanopropeller) (Figure 13.9). Ni posts,

200 nm in height and 80 nm in diameter, were fabricated by electron-beam li-

thography. These arrays were subsequently treated with a thermostable form of

the F1-ATPase, with a 10� histidine tag engineered into the b-subunit coding se-

quence. Finally, biotinylated coated Ni rods were allowed to specifically attach to

the lever (streptavidin conjugate) on the g-subunit of the F1-ATPase. In the pres-

ence of ATP, the nanodevice exhibited an endurance cycle of@2.5 h. Despite the

fact that the fabrication yield was low, once optimized, this type of functional dy-

namic nanoarray might be used to build integrated biomolecular motors with

nanoengineered systems to produce nanomechanical devices.

13.3.4

Cell-Surface Interactions

Cellular adhesion is a process mediated by the interaction of cell-surface receptors

(i.e., integrin) with ligands from the extracellular matrix (ECM), which results in

the clustering of these receptors into focal adhesion complexes. This elaborate

and highly regulated process is believed to play a significant role in many essen-

tial cellular functions (e.g., motility, proliferation, differentiation, and apoptosis)
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[68, 69]. Most studies involving the signaling of focal adhesion complexes with

surface-immobilized proteins have involved structures made by conventional mi-

crofabrication techniques. These studies have been limited to single-component

protein arrays, typically generated by indirect robotic spotting and mCP methods

[1, 70, 71]. Recently, researchers have begun to explore how protein arrays fabri-

cated by techniques that offer high resolution can be used to probe surface cel-

lular interactions, and some of these advances are summarized below.

Our group, in collaboration with group of Mrksich, has utilized DPN to gener-

ate patterns of retronectin features as small as 200 nm with 700 nm separation

distances [6]. Cells were found to adhere and spread, exclusively, on the nanopat-

terned regions. The cellular morphology was found to be a direct consequence of

the sizes and spacings of the patterned protein. These studies were the first to

demonstrate that protein structures, well below 1 mm in size, can support cell ad-

hesion.

Since then, others have used novel block copolymer-based strategies to fabricate

peptide arrays for probing the feature size dependence in cell adhesion. These ex-

periments were carried out in the context of the RGDfk adhesion peptide (see

Fig. 13.9 (A) Schematic diagram of the

F1-ATPase biomolecular motor-powered

nanomechanical device. The device consisted

of (A) a Ni post (200 nm height, 80 nm

diameter), (B) the F1-ATPase biomolecular

motor, and (C) a nanopropeller (length 750–

1400 nm, diameter 150 nm). The device (D)

was assembled using sequential additions of

individual components and different

attachment chemistries. (Reprinted with

permission from Ref. [67]; 8 2000, American

Association for the Advancement of Science.)
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Section 13.2.5) [51]. The features in these patterns were designed to be small

enough (dot diameter < 8 nm) to capture a single integrin protein per dot. From

these studies, Spatz and coworkers [51] have concluded that local dot-to-dot sepa-

ration, rather than global dot density, is critical for inducing cell adhesion and

focal adhesion assembly. A separation ofb 73 nm between adhesive dots resulted

in limited cell attachment and spreading, and dramatically reduced the formation

of focal adhesion and actin stress fibers.

Protein nanoarrays have been used to explore how the number, availability, and

distribution of fibronectin (an ECM protein) features can dictate the shape and

mobility of a cell. Lehnert et al. [72] utilized mCP and nCP techniques to generate

patterns of fibronectin where the feature size was varied from the micro- to nano-

scale, while keeping the dot-to-dot spacing constant. When the dot-to-dot spacing

was less than 5 mm, cells cultured on these substrates could adhere and spread on

fibronectin features as small as 0.1 mm2. However, when the dot spacing was sys-

tematically altered over a range of 5 to 25 mm, the cells exhibited binding and

adopted unusual shapes, depending on the type of fibronectin pattern (Figure

13.10). Finally, the ability of cells to spread and migrate on these patterns ceased

when the dot-to-dot separation exceeded 30 mm. Therefore, the results of these ex-

periments suggest that the extent of cell spreading is directly correlated to the

substratum coverage of fibronectin, and not the geometrical pattern.

Fig. 13.10 Fibronectin arrays comprising dots

of 0.1 mm2 induce intracellular signaling, but

do not support cell spreading at

distances >5 mm. (A) B16 cells growing on

fibronectin arrays with varying dot sizes (as

indicated in lower left corner) and with a

constant spacing of 5 mm (center-to-center).

Cells spreading and the formation of actin

stress fibers could be observed on dots down

to 0.25 mm2. However, dots of 0.1 mm2

adhered but did not spread. Scale bar ¼

10 mm. (B) A cell sitting on 0.1 mm2 dots with

2-mm spacing. Phosphotyrosine (PT, green)

accumulates in areas of the cell overlying

fibronectin dots (red), indicating that an area

of 0.1 mm2 is sufficient to induce intracellular

signaling. (C) Staining for paxilin (Pax, green)

of a cell sitting on 0.1 mm2 fibronectin dots

(red) separated by distances of 4 mm. Scale

bar ¼ 5 mm. (Reprinted with permission

from Ref. [72]; 8 2004, The Company of

Biologists.)
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13.4

DNA Nanoarrays

Although few studies have been conducted to date regarding the development of

DNA nanoarrays, such highly miniaturized structures could be quite useful in de-

veloping new diagnostic systems that require small sample volumes, and also in

controlling the assembly of material building blocks with complementary oligo-

nucleotides. In nanosystems, there is often a need to control the positioning of

building blocks at the single particle level in the context of higher-ordered, larger

structures. Alternatively, there may be a need to immobilize such building blocks

at specific sites in an integrated device in such a way that allows such structures

to be addressed macroscopically. Because the chemical recognition properties of

DNA can be tailored by virtue of its sequence, DNA represents the ideal building

block for creating chemical affinity templates with nanoscopic features that have

highly tailorable recognition properties. In this regard, it has been shown that

DNA features can be made as small as 50 nm, and the oligonucleotides used in

orthogonal assembly approaches, where each feature can be designed to recog-

nize a specific type of building block and immobilize it at a specific location on a

substrate [73]. For a 15-mer recognition sequence, there are 415 unique chemical

codes. Not all of these are non-overlapping in terms of their recognition proper-

ties, but many of them are and so can be selectively used for different assembly

applications. Proof-of-concept orthogonal assembly has been demonstrated with

DNA nanoarrays and oligonucleotide-modified Au NPs [7, 73]. The assembly

strategy has been used in the context of nanoarrays to fabricate unusual single-

particle electronic devices [19] and functional bioactive arrays for protein diagnos-

tics [20]. These early advances are briefly discussed in Sections 13.4.2 and

13.4.3.

13.4.1

Strategies for Preparing DNA Nanoarrays

In contrast to the chemistry used to immobilize proteins (see Section 13.3.1), the

approach used to immobilize DNA in the context of nanoarrays is almost iden-

tical to what has been used with microarrays. The immobilization of DNA on sur-

faces can be achieved either in a single step or in multiple steps, depending on

the nature of the surface functional groups and whether or not the DNA is chem-

ically modified with functional groups that can direct its immobilization. In this

section, we will discuss the various immobilization chemistries reported in the

literature for generating DNA nanoarrays.

In the simplest approach, DNA can be patterned using electrostatic interactions

between a surface and unmodified DNA. At neutral pH, DNA is negatively

charged and the phosphate groups in the DNA backbone can bind strongly to a

positively charged surface such as a poly-l-lysine-coated glass substrate [74]. Since

immobilization occurs nonspecifically, it is often difficult to effect hybridization to

complementary targets, and this has been a major drawback with this approach.

13.4 DNA Nanoarrays 249



One of the attributes of DNA is that it can be chemically modified with func-

tional groups on its 3 0 or 5 0 ends. Indeed, one of the most widely used immobili-

zation methods utilizes 3 0 or 5 0 alkylthiol-modified DNA. Such oligonucleotides

will readily adsorb onto gold surfaces [7, 48], and this chemistry has been used

to prepare nanoarrays by DPN. In this approach, there is a chemical interaction

between the sulfur-containing appendage of the DNA and the gold surface to

form what many believe to be a gold–thiolate bond [75]. In addition, Michael

Addition chemistry can be used to immobilize 5 0 acrylamide-modified oligonu-

cleotides [7] on oxide substrates that have been pre-modified with a 3 0-
mercaptopropyltrimethoxysilane (MPTMS) layer [76]. Recently, Yu and coworkers

[47] have generated nanoarrays of DNA on poly(methyl methacrylate) (PMMA)

substrates using a covalent immobilization strategy. The PMMA surface was ini-

tially activated to generate surface aldehyde groups that react with 5 0 amine-

modified DNA [77]. In another useful strategy, our group [73] initially patterned

16-mercaptohexadecanoic acid (MHA) on a gold surface and activated the termi-

nal carboxyl moieties with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-

chloride (EDC). 5 0-Alkylamine-modified DNA is then coupled to the activated

MHA, and this results in the formation of an amide bond [73]. The biotin–

streptavidin interaction also has been used as an immobilization modality for

DNA. For example, biotinylated DNA has been immobilized onto streptavidin-

coated glass surfaces to generate oligonucleotide nanopatterns [30, 32].

13.4.2

DNA-Based Schemes for Biodetection

DNA nanoarrays are just beginning to be explored for their potential in diagnos-

tics. One of the issues pertaining to their utility is the challenge associated with

readout. With extraordinarily small features spaced sub-300 nm apart, it is diffi-

cult to use conventional optical methods such as fluorescence microscopy to

monitor probe-target-array binding events. However, when the feature size of an

individual pattern is miniaturized down to the length scale of the DNA structures

being probed, the physical properties of that feature – including the height,

shape, and hydrophobicity – change substantially upon binding. In addition, an

entire array can be built within the field of view of a conventional scanning probe

microscope (100� 100 mM). This allows a variety of scanning probe-based meth-

ods to be used, though these are impractical for microarrays because of the large

area that must be interrogated, as readout mechanisms for following nanoarray

binding events.

We have demonstrated this concept, in part, by preparing nanoarrays of oligo-

nucleotides by DPN [7, 73]. In this case, the feature spacing was not particularly

small, and consequently fluorophore-labeled probes and fluorescence could be

used, as well as NP probes [78] and AFM to monitor and study the sequence-

specific hybridization events (see Figure 13.3). With the advent of massively par-

allel writing and multi-ink capabilities, DPN has the throughput to generate

highly miniaturized DNA chips with extraordinary chemical complexity. Before
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this capability becomes a practical reality, inking strategies must be developed as

well as methods for on-chip, in-situ synthesis of the DNA in the context of a DPN

experiment.

In addition to the optical and scanning readout of nanoarrays, electrical readout

has been preliminarily explored. In this regard, nanoelectrodes have been pre-

pared with gaps selectively functionalized with different oligonucleotides. In this

configuration, once the functionalized gaps have hybridized with a target, the

area with NP probes can be further developed and the transport properties of the

functionalized gap measured [19]. This approach allows the electrical transport

properties of particles to be studied down to the single-particle level, and also pro-

vides for an on-off readout mechanism for the array in the context of detection.

13.4.3

Applications of Rationally Designed, Self-Assembled 2-D DNA Nanoarrays

DNA tile lattices have been used to construct periodic arrays of well-defined nano-

structures from simple oligonucleotide building blocks [79]. Recently, hybridiza-

tion strategies have been used to assemble NPs, conjugated to single-stranded

DNA molecules, into chain-like structures. Mao et al. generated 1-D arrays of Au

NPs by combining DNA-encoded self-assembly with rolling-circle polymerization

[80]. These arrays, in certain cases, were several micrometers in length. Yan and

coworkers [52, 53] demonstrated the incorporation of a single Au NP into a ratio-

nally designed DNA-nanostructured building block, where they used NP-bearing

DNA tiles for the directed assembly of 2-D NP arrays with periodic square-like

configurations and precisely controlled interparticle spacings. This square ar-

rangement of NPs has been considered as a potential tool for constructing novel

cellular nonlinear logic networks [81, 82].

The precise control of periodic spacing between proteins has been demon-

strated by using DNA nanoarrays generated by programmed self-assembly. Park

et al. demonstrated the ability to generate periodic protein arrays through the use

of templated self-assembly of streptavidin onto each DNA tile containing a bio-

tinylated group terminal to the oligonucleotides (Figure 13.11) [83]. Fully pro-

grammable DNA-templated protein nanoarrays, where proteins can be positioned

with precision and specificity, might allow functional protein templates with

nanometer dimensions to be built for single molecule detection. More recently,

LaBean and coworkers [59] developed a fully addressable, finite-sized DNA nano-

array displaying a variety of programmed patterns by using a novel stepwise

hierarchical assembly technique. In order to properly address the nanoarrays,

these authors included loop strands modified with biotin at desired points in the

assembly process, and probed the binding of streptavidin at biotinylated sites (see

Figure 13.6).

The use of aptamers in self-assembled DNA nanoarrays has been used as a ro-

bust platform specifically to attach proteins in periodic arrangements. Aptamers

are relatively small RNA or DNA sequences that can be selected through a pro-
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cess called SELEX from random pools, based on their ability to bind a specific

protein and/or small molecule. Leu et al. first showed how a DNA aptamer could

be used in the rational design of DNA nanostructures for the directed assembly

of thrombin [84]. Thrombin binding indicates that the thrombin-binding aptamer

still functions as the protein-binding moiety upon incorporation into a complex

DNA architecture. Aptamer-directed self-assembly of proteins on DNA nanotem-

plates would allow the relative positions of proteins to be changed in real time,

which could enable the study of proximity effects on protein–protein interactions.

In addition to use as directing groups in forming complex NP and protein ar-

rays, self-assembled DNA nanoarrays also have been used as molecular masks in

lithographic experiments [85]. In such experiments, the desired DNA nanostruc-

tures are generated on a mica substrate, and then used as a mask to control metal

deposition. Removal of the DNA mask from the substrate yields a negative replica

of the DNA nanostructure. 1-D and 2-D metallic nanopatterns with feature sizes

as small as@10 nm have been generated by this method, though it is possible to

create complex structures with more sophisticated DNA motifs [86].

Fig. 13.11 AFM images of the results of programmed assembly of

streptavidin on 1-D DNA nanotiles. (A, B) AFM images of bare A*B and

A*B* nanotiles before streptavidin binding, respectively. (C, D) AFM

images of A*B and A*B* nanotiles after streptavidin binding.

(Reprinted with permission from Ref. [83]; 8 2005, American Chemical

Society.)
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13.5

Virus Nanoarrays

High-resolution nanolithographic techniques allow biological structures to be ma-

nipulated at the single-particle level. Although this cannot yet be done routinely

with structures as small as proteins, it is possible to manipulate entities such as

viruses at this level. The first example of such control involved the use of DPN-

generated affinity templates to immobilize tobacco mosaic virus particles (TMV,

length ¼ 300 nm, diameter ¼ 18 nm) with excellent control over their orientation

and spacing (Figure 13.12) [4]. In these studies, metal ion affinity templates of

Zn(II), coordinated to MHA, that bind the natural carboxylate-rich surface moi-

eties of TMV particles were used. Previously, our group [22] and others [23] had

generated nanopatterns of NHS-terminated alkanethiols that covalently couple to

genetically modified forms of the cow-pea mosaic virus (CPMV) presenting un-

natural binding sites (i.e., cystine). However, CPMV particles (diameter ¼ 30

nm) were too small to be isolated and studied at the single-particle level. With

the state of the current DPN technology, virus particles 50 nm or larger in diam-

eter are ideal for site-isolation.

Although the above-mentioned methods are very efficient for the immobiliza-

tion of virus particles with well-known surface chemistries, there are other virus

particles of interest that require another strategy. One such strategy has been

through the use of antibodies that can recognize and capture surface proteins

from a specific virus particle. Our group has reported an antibody immobilization

scheme, utilizing metal ion affinity templates that yield active antibody arrays, for

Fig. 13.12 (A) Schematic diagram depicting the process for generating

16-mercaptohexadecanoic acid (MHA) nanotemplates by DPN that

were subsequently treated with Zn(NO3)2�6H2O for the selective

immobilization of single virus particles. (B) AFM tapping mode images

of a perpendicular array (40� 40 mm) of single tobacco mosaic virus

(TMV) particles collected at a scan rate of 0.5 Hz. (Reprinted with

permission from Ref. [4]; 8 2006, Wiley-VCH.)
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influenza and simian virus particles [24]. Currently, these surface-immobilized

virus particles are being used to study how the number of virus particles, orienta-

tion, and presentation (i.e., neutralized) affect cell infectivity at the single-cell

and/or single-virus particle level.

13.6

Outlook

Although, at present, we are still in the very early stages of developing ways of

making and using bionanoarrays, some very significant advances have been

made. Today, it is possible to use techniques such as DPN for the routine fabrica-

tion of certain classes of nanoarrays (e.g., one- or two-component structures over

larger areas), and we are beginning to learn how to use such arrays to address

issues in biology that cannot be addressed with their larger microarray counter-

parts. The small feature sizes in these arrays are providing research groups with

the ability to manipulate biological structures at the single-particle level and to

study multivalency in the context of cell-surface interactions. These tools have

the potential to revolutionize many aspects of biology, including methods of prob-

ing and understanding viral infectivity and proliferation, cellular metabolic and

signaling events, and general clinical diagnostics. However, in order to realize

their full potential, methods must be developed that allows structures to be built

routinely over large areas, with the ability to control feature size, shape, and com-

position on the sub-100 nm length scale. In particular, these techniques must be

developed with biologists in mind, as they are less interested in how a biona-

noarray is made but rather how to gain access to it and to acquire control over the

structural parameters that make it functional and useful for their studies. Thus, it

is imperative that an infrastructure be developed in this field that allows such

structures to be built on demand, and in an automated manner. With the advent

of high-resolution and massively parallel techniques such as DPN, this goal is

achievable in the not-too-distant future.
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14

Biological Barriers to Nanocarrier-Mediated

Delivery of Therapeutic and Imaging Agents

Rudy Juliano

14.1

Overview: Nanocarriers for Delivery of Therapeutic and Imaging Agents

The concept of using nanocarriers for the selective delivery of therapeutic and

imaging agents in cancer has been reinvigorated by the emergence of exciting

new approaches for nanocarrier design and fabrication. In addition to liposomes,

which are already widely used for clinical purposes [1, 2], other nanocarriers –

including polymeric nanoparticles (NPs), dendrimers, block co-polymer micelles,

magnetic NPs and various inorganic NPs – are under intense investigation [3–5].

Each of these technologies has its merits and liabilities, but all are affected by

similar biological parameters that govern the abilities of nanocarriers to distribute

into tissues and be taken up by cells. Thus, the design of nanocarriers for poten-

tial therapeutic or imaging applications should be guided by consideration of the

biological barriers that stand between the NP at its point of entry into the body

and its ultimate destination. The biological barrier concept has a long history in

the drug delivery field [6], and has proven quite useful in this context.

14.2

Basic Characteristics of the Vasculature and Mononuclear Phagocyte System

Although nanocarriers may be used in a variety of local applications (topical, in-

halational, etc.), the primary concern here will be with material administered in-

travenously for systemic use. Thus, the architecture of the vasculature, the com-

position of the blood, the body’s system for particle clearance (the mononuclear

phagocyte system), and the permeability characteristics of the vascular endothe-

lium will all be key factors in determining the biodistribution of nanocarriers.

Understanding these factors and avoiding the rapid sequestration of administered

nanocarriers at undesirable sites represents the first major barrier to the effective

use of NP technology for drug delivery.
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14.2.1

Possible Interactions of Nanocarriers Within the Bloodstream

When injected, nanocarriers will first encounter the cells and plasma proteins of

the blood. The binding of plasma proteins to drug carriers has long been of inter-

est to investigators studying liposomes [7, 8], and is of growing interest to NP

technologists [9, 10], for very good reasons. Such plasma protein interactions

play a key role in determining the state of aggregation of nanocarriers in vivo,
and their uptake by the phagocytic mononuclear cells that protects the body

against foreign pathogens (for further details, see below). In addition, nanocar-

riers may also interact with circulating blood cells including platelets [11] and

leukocytes [12], affecting the functions of these cells, and in turn being affected

by the interaction. Thus, careful consideration must be given to controlling the

interactions of nanocarriers with the macromolecular and cellular components

of blood.

14.2.2

Transendothelial Permeability in Various Tissues and Tumors

If nanocarriers are destined for sites within either normal or tumor tissues, they

must first pass across the barrier provided by the vascular endothelium. The

blood vessels are lined by endothelial cells, which adhere tightly to the underlying

extracellular matrix (ECM) largely via integrins, and form junctions with each

other using a variety of cell–cell adhesion molecules including VE-cadherin, junc-

tional adhesion molecule (JAM), occludins, claudins, and platelet and endothelial

cell adhesion molecule (PECAM). The integrity of these junctions is regulated by

complex signal transduction processes [13].

The permeation of large and small molecules across normal tissue endothe-

lium is usually described in terms of a model involving abundant small pores of

about 45 Å diameter and relatively few large pores of about 250 Å [14]. Clearly, a

significant component of small pore transport is paracellular, via imperfections in

the junctions between the endothelial cells. The identity of the large-pore system

has been somewhat controversial. Endothelial cells contain an abundance of

small endosomal vesicles derived from calveolae, which are lipid-rich membrane

structures containing the protein calveolin. One school of thought suggests that

large-pore transport entails ‘‘transcytosis’’ – that is, the uptake of macromolecules

into calveolae on one side of the cell, followed by active, energy-requiring move-

ment of the calveolar vesicles across the cell, and then release on the other side.

Other investigators believe that the large pores represent rare larger defects in the

endothelial junctions, or that multiple calveolar vesicles fuse to form tubes or

channels that cross the cell, in either case providing passive pathways for trans-

port (Figure 14.1). One argument for the vesicular transport large-pore model is

that while vascular permeability declines dramatically with molecular size up to

about 50 Å (the small-pore limit), it is only weakly dependent on molecular size

above that. Unfortunately, key experiments testing the energy-dependence of
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large-pore transport, or even the role of calveolin in this process, have provided

contradictory results [15, 16]. In any case, in the normal vasculature of most tis-

sues, egress of entities larger than 250 Å (25 nm) is very limited.

In contrast, in certain specialized tissues the organization of the endothelium

is compatible with the transport of larger moieties. For example, the microvessels

of both the liver and spleen have relatively large ‘‘fenestrations’’ of 100–200 nm

diameter [17]. This, plus the abundance of mononuclear phagocytes in liver and

spleen, strongly contributes to the well-known tendency of injected NPs to accu-

mulate in these organs. It should also be noted that microvascular transport of

water and macromolecules increases during inflammation [18]; thus, sites of in-

flammation are also potentially accessible to NPs. A further consideration is that

transendothelial permeability is tightly regulated by signaling processes; there-

fore, there are a number of mediators that increase vascular permeability, includ-

ing thrombin, histamine, vascular endothelial growth factor (VEGF), tumor

necrosis factor-alpha (TNF-a), and reactive oxygen species (ROS) [13]. Thus, one

could visualize incorporating some of these mediators into NPs in order to pro-

mote particle egress from the vasculature.

Tumors are another place where the microvasculature is abnormal in ways that

may potentially enhance delivery via nanocarriers. However, there are complex is-

sues affecting the behavior of nanocarriers within tumors that need to be under-

Fig. 14.1 Transcapillary transport of macromolecules and nanoparticles

(NPs). A capillary is depicted lined with tightly abutted endothelial cells.

The transport of most molecules takes place using a paracellular route

that involves very small gaps between the cells. A transcytosis pathway

may be involved in the movement of larger molecules and NPs,

although the magnitude of its contribution is unclear.
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stood in order to attain tumor targeting. First, the overall architecture of the vas-

culature differs between tumors and adjacent normal tissue; further, there are

often regional differences within the tumor and between the primary tumor and

its metastases. Differences include the number, length, degree of branching, and

velocity of blood flow [19]. While small tumors may be relatively homogeneous,

larger ones usually have several distinct regions including: (i) a necrotic, hypoxic

core with almost no blood flow; (ii) a semi-necrotic region with relatively poor

flow in unbranched vessels; (iii) a stable region with branched vessels and rela-

tively good flow; and (iv) an advancing front where active angiogenesis is taking

place [19, 20]. The transport of macromolecules across the tumor endothelium

involves diffusion, convection, and possibly transcytosis. The vascular permeabil-

ity of tumors is generally higher than that of normal tissue, most likely due to an

increased number and size of the ‘‘large-pore’’ component [19]. Some studies

have found pores or fenestrations in tumor vessels ranging from 100 to over

700 nm [21]; however, as always, tumors show great heterogeneity with regard

to this parameter.

One factor that works against the extravasation of nanocarriers through the

larger pores in tumor microvessels is the existence of a high interstitial fluid pres-

sure. This blunts the convective component of transendothelial transport, which

relies on the differences in osmotic and hydrostatic pressures between the blood

and the fluid of the tissue parenchyma. The existence of the high interstitial pres-

sure in tumors has been ascribed to a paucity of functional lymphatic drainage

[19]. Another issue to consider is the movement of a macromolecule or nanocar-

rier once it leaves the blood. The space between cells is filled with a dense

ECM that impedes diffusion. For example, the diffusion of immunoglobulin G

(MW@ 160 000; 6 nm diameter) in tumors has been estimated as 1 hr for a 100

mm distance [19]; by comparison the intercapillary distance in some tumors has

been estimated at about 50 mm [21]. Thus, IgG would need 15 min to diffuse

throughout the tumor parenchyma. Obviously, the diffusion rate through the

ECM would be much slower for a typical NP of perhaps 50–100 nm, and there-

fore the ECM may provide an additional biological barrier to delivery of nanocar-

riers to tumor cells.

The relatively leaky character of the tumor endothelium, along with poor lym-

phatic drainage, has combined to provide the so-called ‘‘EPR’’ (enhanced perme-

ability and retention) effect that sometimes allows the selective accumulation of

macromolecules or nanocarriers in tumors. The larger pore size provides the op-

portunity for egress of relatively large entities, and the poor lymph flow means

that the extravasated material persists in the tumor longer than it would in nor-

mal tissue [21]. Some studies have suggested that it is the retention component

due to limited lymphatic drainage that is most important in the EPR effect [22].

This effect of selective retention in tumors is thought to contribute to the thera-

peutic profile of Doxil2, a liposomal form of the antitumor drug doxorubicin

[23]. While the EPR effect may be an important aspect of the successful use of

nanocarriers in cancer, the great heterogeneity of tumors should be borne in
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mind, and thus greater or lesser impacts of the EPR effect with different tumors

and different nanocarrier systems should be expected.

14.2.3

Mononuclear Cells and Particle Clearance

The specialized phagocytic cells of the so-called ‘‘reticuloendothelial system’’ or

‘‘mononuclear phagocyte system’’ (MPS) play a key role in the biodistribution of

systemically administered NPs. The physiological role of the MPS is primarily to

clear the body of invading pathogens, including bacteria and fungi; the mono-

nuclear phagocytes also play a key role in the turnover of apoptotic cells [24].

The membranes of macrophages and other MPS cells display several different

classes of receptors that promote the binding of particles and their internalization

via several endocytotic pathways [25]. The best-studied pathway involves the re-

ceptor for the constant domain of immunoglobulins, the Fc-receptor. There are

three forms of this receptor in human macrophages (FcgRI, RIIA, and RIII).

These receptors recognize particles that have bound immunoglobulins, anchor-

ing them to the macrophage surface, and then triggering a complex signaling

process involving tyrosine kinases, PI-3-kinase, and Rho GTPases, that eventually

leads to mobilization of the actinomyosin cytoskeleton, formation of a phagocytic

vesicle, and internalization of the particle. Another important class of macro-

phage receptors are those for complement components. The three complement

receptors are comprised of CR1, a single-chain transmembrane protein, and

CR3 and 4 that are members of the integrin family of heterodimeric membrane

proteins (CR3 ¼ integrin amb2, CR4 ¼ axb2). While CR1 is involved in particle

binding, the CR3 and CR4 receptors are primarily responsible for phagosome for-

mation and internalization. Overall, the CR internalization process seems to be

less robust than FcR-mediated internalization, and CR phagocytic activity may re-

quire addition signals. In addition to FcR and CR, macrophages possess so-called

‘‘scavenger’’ receptors (e.g., SR-A) that recognize conserved motifs found in

pathogens, including bacterial lipopolysaccharides, fungal mannans, and many

others [26]. Members of the Toll-like family of receptors also recognize similar

pathogen motifs, but are involved primarily in triggering inflammatory cytokine

responses in macrophages rather than phagocytosis [27]. Macrophages also pos-

sess additional integrin receptors that can recognize motifs in other serum pro-

teins such as fibronectin or vitronectin.

Subsequent to engulfment of the particle in a phagosome, fusion with lyso-

somes takes place leading to enzymatic degradation of the ingested material by

proteases and hydrolases that operate efficiently in the low-pH lysosomal environ-

ment. The factors controlling the rate and extent of phagosome-lysosome fusion

are complex, and may include the number and strength of interactions between

the receptors in the phagosome and their ligands on the particle surface. How-

ever, the overall process of intracellular trafficking and fusion of intracellular

vesicles is also regulated by complex signaling pathways.
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Synthetic nanocarriers are recognized by mononuclear phagocytes subsequent

to the binding of plasma proteins that are collectively termed ‘‘opsonins’’, and

which serve as ligands for the receptors described above. Thus, the binding of im-

munoglobulins can lead to recognition by the Fc-Receptor and activation of the

complement system; binding of the complement components including C3b,

iC3b and C1q results in recognition by CR1,3,4, while binding of apolipoproteins

can promote interaction with scavenger receptors. Thus, as discussed in detail

later, the degree to which the nanocarrier interacts with opsonic proteins in

plasma is a key determinant of interactions with the MPS system, and thus of

overall biodistribution. In most cases one it would be preferable to avoid extensive

MPS uptake, and thus a great deal of attention has been paid to this issue.

Mononuclear phagocytes are found throughout the body, but are particularly

prevalent in the liver (Kupffer cells) [28] and spleen (splenic macrophages) [25].

The abundance of MPS cells, along with the relatively open architecture of the

hepatic and splenic capillaries, accounts for the fact that much of an administered

dose of most NPs accumulates in these two organs. Although several strategies

have been devised to avoid the uptake of NPs by mononuclear phagocytes (see

below), these strategies have been only partially successful as they work against

a very strong biological imperative to direct foreign particles to the liver and

spleen phagocytes.

14.3

Cellular Targeting and Subcellular Delivery

Assuming that one can design a nanocarrier that persists in the circulation for an

extended time, and is not inappropriately removed by capillary filtration or by the

MPS system, then the next set of barriers or challenges is to target the nanocar-

rier to the correct cell type and have it enter the desired subcellular compartment.

14.3.1

Targeting, Entry, and Trafficking in Cells

The process of targeted nanocarrier-mediated delivery often involves the binding

of the nanocarrier to a particular cell-surface receptor, internalization of the nano-

carrier into an endosome, and then release of the nanocarrier (or its cargo) into

the cytoplasm of the cell. The interplay between cell-surface receptors and the

multiple endocytotic pathways found in cells is a complex story, and one that is

still not fully understood. What follows is a brief account of current concepts re-

garding endocytosis of cell-surface receptors.

An important aside concerns the nature of the cell-surface receptors that are

the key to cell-type selective targeting. First, it is vital to realize that there is no

such thing as a completely cell type-specific receptor. Some receptors are prefer-

entially expressed in certain cell types; well-known examples from cancer biology
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include: (i) the avb3 integrin expressed on capillaries during angiogenesis; (ii) the

CD20 antigen expressed on certain types of lymphomas; and (iii) the HER2 re-

ceptor tyrosine kinase overexpressed in a subcategory of breast tumors. However,

all of these proteins are also expressed to a lesser degree in other cell types, thus

leading to possible ‘‘off-target’’ effects. Similar considerations exist concerning re-

ceptors prominent in other fields of therapeutic interest. A second consideration

is the degree to which a receptor is linked to the endocytotic machinery. In many

instances the intent is to deliver a drug into the cell, not simply to the vicinity of a

cell. If that is indeed the case, then it is important to choose as a target a receptor

that is known to traffic effectively to endosomes. A good example might be the

transferrin receptor, which very efficiently enters cells via clathrin-coated vesicles;

by contrast, for some integrins only 30% of the receptor on the cell surface is

actively involved in internalization [29].

Cells display a surprising variety of endocytotic processes involving different

biochemical mechanisms and resulting in differing rates and pathways of inter-

nalization (Figure 14.2). It is interesting to note that a good deal of our current

knowledge on endocytosis derives from studies of the pathways taken by viruses

[30] or by bacterial toxins [31] in entering cells. In addition to phagocytosis

(which is largely confined to MPS cells), there are at least four distinct endo-

cytotic pathways [32]:

Fig. 14.2 Endocytotic uptake pathways. The diagram shows only those

routes leading into the cell; multiple routes of vesicular transport from

the inside to the plasma membrane are not shown. Likewise, the many

accessory proteins involved in vesicle traffic, such as the RabGTPases,

are not depicted.
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� The ‘‘classic’’ route is the clathrin-mediated pathway utilized

by receptors such as the transferrin receptor and the low-

density lipoprotein receptor, as well as many others. These

receptors bind to adaptor proteins such as Ap-2 and then

engage with clathrin triskelions that form a cage that

invaginates the portion of the plasma membrane containing

the receptor and its ligand. With the assistance of the

dynamin GTPase, a clathrin-coated vesicle buds from the

membrane; the clathrin cage is then quickly dis-assembled

and the nascent endosome fuses with a sorting endosome of

moderately low pH (5.9). Here, the receptor and ligand

dissociate, the receptors primarily recycle to the plasma

membrane, while the ligand enters late endosomes that

eventually fuse with lysosomes, thus degrading the ligands.
� Calveolae are membrane structures rich in sphingolipids and

cholesterol, and contain one of the three members of the

calveolin protein family. These entities are involved in the

internalization of receptors that are glycosylphosphati-

dylinositol-anchored proteins; additionally G-protein-coupled

receptors primarily transit through calveolae. With the

assistance of dynamin, calveolae can internalize to form

vesicles called ‘‘caveosomes’’; these primarily traffic to the

Golgi complex and to the endoplasmic reticulum, although

in some cases they can also merge with sorting endosomes.

Calveolae have been implicated in transcytosis, especially in

endothelial cells [13], and some authors believe that this is an

important aspect of movement of large molecules across the

vascular wall. However, although calveolae have often been

associated with internalization of receptors and ligands, there

is some evidence that this pathway may not be as active and

dynamic as other endocytotic pathways [33].
� Macropinocytosis is a process whereby cells use their

actinomyosin contractile machinery to extend membrane

protrusions that then pinch off and engulf relatively large

volumes of extracellular fluid. The resulting large endosomes

can either fuse with lysosomes or recycle to the cell surface.

Macropinocytosis is usually triggered by exposure to

polypeptide growth factors or other signals.
� There is also a pathway of non-clathrin, non-caveolin-

mediated pinocytosis that leads to an early endosomal com-

partment and then to the Golgi and endoplasmic reticulum;

the mechanistic details of this pathway are poorly understood.

The complex trafficking of vesicles between different cellular endomembrane

compartments is highly regulated by a variety of biochemical processes. Thus, dif-
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ferent types of endosomes are marked by particular lipid compositions, especially

regarding phosphotidylinositols [34], while sphingolipid-rich ‘‘rafts’’ give lateral

definition to membrane microdomains. The pattern of vesicle traffic is regulated

by GTPases of the Rab and Arf families; for example, Rab 5 is particularly in-

volved in early endocytosis [35]. Finally, the recognition and fusion events in-

volved in merging endomembrane entities and delivery of contents is regulated

by multiple proteins including SNARES and sorting nexins [36].

Which of these several pathways is predominant in a particular situation of

NP–cell interaction will depend on the surface characteristics of the NP, the cell

type, and the ambient physiological conditions. It seems important to determine

carefully the route of nanocarrier uptake in order to fully interpret the biological

results observed.

14.3.2

Biological and Chemical Reagents for Cell-Specific Targeting

Although the problem of targeting nanocarriers to a specific cell type is challeng-

ing, fortunately a number of powerful technologies exist to address this issue.

The most obvious approach is to couple antibodies to the nanocarrier; thus, there

is a long history of studies with immunoliposomes for targeting and delivery [37,

38], as well as recent examples using immunoliposomes to deliver small interfer-

ing RNA (siRNA) [39] or showing that antibody-mediated targeting enhances in-

tracellular uptake and anti-tumor potency of multiple liposomal drugs in vivo
[40]. Likewise, investigators are now using antibody reagents to target a variety

of NPs, including gold nanocages [41] and quantum dots [42, 43]. Recent devel-

opments in antibody technology have provided a variety of reagents that may

avoid some of the problems associated with use of full-length antibodies that con-

tain Fc domains (and thus are likely to bind and stimulate macrophage Fc recep-

tors). Options include engineered monovalent entities including classic Fab frag-

ments, scFvs that combine the light and heavy chain variable regions in a single

polypeptide, and camellid-based heavy chain variable regions that exhibit high

affinity. Bi-, tri-, and tetravalent options also exist, including classic Fab 0
2, mini-

bodies, and other reagents that can recognize one, or two or more, distinct anti-

genic determinants [44].

A second powerful approach is phage display; here, very large peptide/protein

libraries are displayed on the surfaces of bacteriophage and the libraries are

screened for binding to specific target molecules [45]. The peptide sequences

that are effective in recognizing the intended target are identified by DNA se-

quencing of the target-bound phage. This potent and flexible technology can be

used with libraries comprised of short peptides, sequences from antibodies such

as scFvs, or with peptide sequences embedded in protein domain scaffolds that

provide structural rigidity. An exciting new thrust for this technology is the emer-

gence of in-vivo phage display pioneered by Ruoslahti and Pasqualini [46]. This

has allowed the power of phage display to identify determinants that are differen-

tially expressed in the vasculature of different tissues, or that are predominantly
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expressed in the vasculature of tumors. From the phage libraries small peptides

have been obtained that bind preferentially to these determinants and that can

be used to target cytotoxic or imaging agents [47, 48].

Another key approach for cellular targeting involves nucleic acid aptamers

[49a]. The aptamer concept relies on the fact that single-strand nucleic acids en-

gage in intrastrand base pairing and thus form molecules with a very broad range

of three-dimensional shapes that may then bind to complementary ‘‘pockets’’ in

proteins. Very complex libraries of RNA or DNA aptamers are screened for bind-

ing to protein or cellular targets. The bound aptamers are recovered and then am-

plified by a polymerase chain reaction process, yielding an enriched population.

After several cycles of selection, aptamers with binding affinities and specificities

comparable to the best monoclonal antibodies can be obtained. Aptamers can be

in the range of 50 bases, and thus can be readily produced on an oligonucleotide

synthesizer; this allows the use of chemically modified nucleosides that then pro-

vide resistance against nuclease degradation. Aptamers have been used to target

clotting factors, cell-surface receptors and intracellular proteins. An exciting re-

cent development is the creation of an RNA aptamer-siRNA chimera that pro-

vides both cell type-specific targeting and a powerful biological effect [49b]. Ap-

tamer technology is now also beginning to be applied to the targeting of NPs [50].

14.3.3

Reagents that Promote Cell Entry

In addition to delivering nanocarriers to particular cell types, it is sometimes nec-

essary for the NP or its payload to enter the cytoplasm or nucleus. Delivery of a

particle to an endosome does not equate to true intracellular delivery. The inside

of an endosome is topologically equivalent to the outside of the cell; a lipid bilayer

membrane must still be crossed in order to access the cytosol. Recently, there has

been a great deal of interest in a class of reagents that can potentially promote the

entry of macromolecules (and even particles) into the cytoplasm; these are collec-

tively termed ‘‘cell-penetrating peptides’’ (CPPs) [51, 52]. The earliest CPPs were

polycationic sequences derived from viral or lower eukaryote transcription factors,

for example the ‘‘TAT’’ and ‘‘Penetratin’’ (antennepedia) sequences. Other types

of CPP have been based on hydrophobic signal sequences or viral fusion domains

[53, 54], while additional CPPs are constantly being discovered [55]. CPPs have

been used very effectively to promote the intracellular entry of other peptides

and of oligonucleotides [56]. There is also a large literature on the use of CPPs

to deliver proteins, including some remarkable observations on delivery to the

central nervous system (CNS) [57]. However, not all attempts to deliver proteins

with CPPs have been successful and there is some controversy about this

approach [52, 58, 59]. The precise mechanism(s) of action of the various CPPs is

still under investigation; most studies suggest that CPPs assist their ‘‘cargos’’ in

escaping from an endosomal compartment. In the case of TAT, recent evidence

has suggested that this CPP functions through the macropinocytosis pathway

[60]. The use of CPPs for intracellular delivery of nanocarriers has been explored

in the contexts of liposomes [61], dendrimers [62], magnetic NPs [63] and others.
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14.4

Crafting NPs for Delivery: Lessons from Liposomes

All types of systemically administered particle face the same set of issues in terms

of their effective use in the delivery of therapeutic or imaging agents. Liposomes

were among the first types of micro/nanoparticles to be developed to the point of

clinical applications. Thus, a great deal is known about how various parameters

influence the behavior of liposomal delivery systems. Hence, we will use lipo-

somes as a prototype to explore some of these key issues.

14.4.1

Loading

The first major problem that needs to be addressed is that of adequately loading

the nanocarrier. Early attempts to load polar drugs into liposomes were not very

successful because of the low internal aqueous volumes of these particles. Lipo-

somes would seem an ideal carrier for lipophilic drugs, but these drugs can also

rapidly escape. A major step forward came with techniques to load large amounts

of amphipathic molecules (e.g., anthracyclines) into liposomes using pH and

charge gradients [64]; this can result in the accumulation of sufficient drug to ini-

tiate crystallization or the formation of a gel. By using this approach, very high

ratios of active drug to inactive carrier (lipid) can be obtained; for example, for

Doxil2 the doxorubicin:lipid ratio is approximately 1 mg drug to 6 mg lipid car-

rier (almost 20% active drug in the formulation). It is thought that the drug re-

mains insoluble as the liposome traverses the circulation and is only released as

the liposome degrades within or in the vicinity of the tumor cell. In the case of

polymer-based NPs, the drug would usually be trapped inside the polymer mesh;

the efficiency of entrapment of soluble drugs can be poor (a few percent) as a

high mesh density is needed [65]. Another possibility is to couple the drug to

the particle surface, but then much of the internal volume (and mass) of the car-

rier is wasted. A potentially interesting approach is to use drug nanocrystals [66].

Current techniques generate nanocrystals in the 200- to 400-nm range, but fur-

ther refinements may reduce the size range. These drug-rich particles could

then be coated with materials to control release rates and biological interactions.

In any case it is clear that a high drug:carrier ratio is an important goal in attain-

ing good pharmacological effects and in minimizing toxicity due to the carrier.

14.4.2

Release Rates

A second key issue is to control the release rate of the drug from the carrier, as

well as influencing where in the body the drug will be released. Obviously, the

aim would be to minimize release while the nanocarrier–drug complex is travers-

ing the circulation, but then allow effective release at the intended target site, but

this is not easy. For various types of liposomal drugs, release rates are influenced

by: (i) diffusion across the lipid membrane; (ii) partitioning from the lipid phase;

(iii) solubilization of entrapped crystalline drug; and (iv) destabilization of the lip-
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osome itself. Liposome destabilization and drug release may be enhanced as lip-

osomes enter the low-pH endosomal compartment, or may even be affected by

lipases released from necrotic cells in tumors or inflamed areas [1]. The release

of drugs from polymeric particles can take place by diffusion or by degradation/

destabilization of the polymer meshwork [67]. One very positive aspect of

polymer-based NPs is that there exist numerous approaches for preparing par-

ticles that will preferentially release drug at a particular time or anatomic site.

For example, NPs that include acid- or esterase-sensitive links may be preferen-

tially degraded in the endosomal-lysosomal system, while particles with SaS
bridges will be destabilized in the reducing intracellular environment but be rela-

tively stable in the oxidizing blood environment [68–70]. Nanoparticles contain-

ing magnetic or optically active material can potentially be perturbed in particular

regions of the body using external sources, thus causing drug release [71, 72].

However, all of these approaches have limitations, and it remains very difficult

to design nanocarriers that will release their therapeutic payload at a precisely

designated time and place in the body.

14.4.3

Size and Charge

The role of size and charge in determining the rate of particle clearance from the

circulation has been known in the case of liposomes for more than three decades

[73]. The basic observations that large particles are cleared more rapidly than

small, and that anionic particles are cleared more rapidly than neutral ones,

have been confirmed many times for liposomes and other particles [74]. How-

ever, there are numerous complexities, including favorable effects on liposome

clearance by certain types of anionic lipids (for a discussion, see Ref. [1]). Par-

ticles larger than 200–300 nm can be removed from the blood by simple filtration

in the spleen; additionally, they may activate complement more effectively than

smaller particles and thus be removed through macrophage-mediated uptake in

liver and spleen [75]. In addition to size, the mechanical properties of particles –

such as their degree of rigidity versus deformability – no doubt play a role in their

susceptibility to filtration. Positively charged particles are a special case; there are

multiple problems associated with their use, including binding to numerous

plasma proteins and to cells, that are associated with toxicity. Nonetheless, cationic

liposomes (lipoplexes) have been widely used as a platform for the delivery of

plasmid DNA and of oligonucleotides, and they may have some advantages in

this context [76]. New approaches to toxicity evaluation, including the use of

DNA array data [77], may provide important insights into the true degree of the

toxicity of cationic carriers.

14.4.4

PEG and the Passivation of Surfaces

One of the most successful approaches to the production of long-circulating NPs

is the ‘‘passivation’’ of their surfaces with coating of highly hydrophilic polymers;
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this prevents rapid clearance of particles by the macrophage-like cells of the retic-

uloendothelial system. The premier example of this is the development of ‘‘steri-

cally stabilized’’ or ‘‘Stealth2’’ liposomes via inclusion of a lipid-anchored PEG in

the formulation [1]. These entities have circulation lifetimes several-fold greater

than those of non-PEGylated liposomes of similar size; this approach has been

used in the FDA-approved formulation of liposomal doxorubicin, Doxil2. In addi-

tion to PEG, other approaches for ‘‘passivation’’ include the use of dextrans [78]

and block polymers such as poloxamines and poloxamers [74]. The precise mech-

anism underlying the effect of these hydrophilic polymers is not fully understood,

but presumably they provide a ‘‘brush-like’’ coating of the particle surface that

may exclude large plasma proteins, thus reducing opsonization of the particles

[79]. However, this is somewhat controversial as some observations have sug-

gested that PEGylation does not prevent complement activation [80]. Alternative

explanations have been suggested, including the unfavorable sequestration of op-

sonic proteins or binding of ‘‘dys-opsonins’’ that protect against the uptake of

opsonized particles.

14.4.5

Decoration with Ligands

Ultimately, the preference would be to have NPs that not only circulate for a pro-

tracted time but also have the ability to be targeted to specific sites in the body.

This requires the linkage of various targeting ligands, as discussed above. A vari-

ety of chemistries are available to link various ligands to liposomes or other NP

[6, 81]. An important consideration here is the balance between the effects of

the targeting ligand and the need to ‘‘passivate’’ the surface. Early studies on im-

munoliposomes were hindered by poor placement of the antibody (on the lipid

surface rather than external to the PEG layer), the use of full-length antibodies

that could interact with Fc receptors on macrophage-like cells, and over-

conjugation. In this respect, more recent studies have led to substantial improve-

ments, including the availability of PEGs with convenient linker groups, the use

of Fab or scFvs that lack the problematic Fc region of antibodies, and the realiza-

tion that relatively few ligands are enough to provide targeting [23, 81]. A recent

study demonstrated the power of these new approaches [40]. Thus, sterically sta-

bilized liposomes containing several types of antitumor drugs were targeted to

breast cancer xenografts in mice using an Fab fragment of the anti-EGF-receptor

monoclonal cetuximab. Both control sterically stabilized (PEGylated) liposomes

and Fab-conjugated liposomes attained a substantial ‘‘EPR’’ effect that resulted

in an accumulation in the tumors. However, only the Fab-conjugated liposomes

were taken up by the tumor cells, though this provided a substantially enhanced

therapeutic effect. A similarly impressive example from the polymeric NP arena

is the use of PEGylated polylactide-glycolide NPs containing doxcetaxel and li-

ganded with an RNA aptamer to target prostate tumors expressing the surface

prostate-specific membrane antigen (PMSA) [82]. In summary, recent advances

in understanding the role of particle size, the need for surface passivation with
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hydrophilic polymers, and the use of sophisticated targeting ligands are begin-

ning to make a reality of the concept of ‘‘smart’’ nanocarriers.

14.5

Biodistribution of Liposomes, Dendrimers, and NPs

One key aspect of the preclinical development of nanocarriers as therapeutic

agents is a full understanding of their pharmacokinetics and biodistribution.

Such studies have been extensively pursued for liposomes [83–86], as several lip-

osomal drugs are now available for clinical use. A number of comprehensive

studies have also been conducted to determine the biodistribution of dendrimers

[particularly of the poly amido amide (PAMAM) variety], as these molecules have

evoked interest as image-enhancing agents, and knowledge of their clearance ki-

netics and tissue distribution is essential in this context [87–89]. By contrast, the

extent of formal comprehensive pharmacokinetic/biodistribution studies of or-

ganic and inorganic NPs is more limited (an exception is the well-studied

Abraxane2, an albumin NP formulation of paclitaxel that is approved for clinical

use [90]). Although there is considerable interest in the possible use of carbon

nanotubes in drug delivery, most of the investigations conducted thus far have

been in vitro, and therefore these entities have not been carefully characterized

as to biodistribution [91]. In the overall context, undoubtedly the same issues con-

cerning size, charge, the binding of opsonins, and interactions with phagocytic

reticuloendothelial cells that affect dendrimers and liposomes will also affect the

kinetics and biodistribution of other nanocarrier types.

Although limited in number, several well-conducted studies of the kinetics and

biodistribution of several types of NPs have been recently reported, some of

which are listed in Table 14.1.

Table 14.1 Typical studies of the kinetics and biodistribution of several

types of nanoparticle (NP).

Type of NP Animal model Reference

DNA in an emulsifying wax plus

detergent oil-in-water emulsion

Biodistribution in mice 92

PEGylated gelatin NPs containing DNA Functional biodistribution in

tumor-bearing mice

93

Polymeric NPs containing indium-oxime Biodistribution in tumor-bearing

mice

94

Chitosan NPs containing doxorubicin Biodistribution in tumor-bearing

mice

95
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14.6

The Toxicology of Nanocarriers

One final barrier that must be surmounted prior to the adoption of nanocarriers

for use in humans is a rigorous assessment of their potential toxicities. Because

of the anticipation that nanotechnology will be a key aspect of the future world

economy, there has been widespread discussion of the need to assess the health

risks associated with this technology [96]. In this respect, there are two main as-

pects. The first aspect relates to occupational and environmental exposure to

nanomaterials, while the second (which is more germane to this chapter) relates

to biomedical applications. Some discussions have been conducted of whether

the unique properties of nanomaterials will require new approaches to toxicolog-

ical evaluation, but this is unlikely to be the case. In terms of environmental or

workplace hazards, the most likely portals of entry into the body would be via

the airways or the skin. There is actually vast experience with the pulmonary tox-

icology of very fine particulates, and it seems likely that this will suffice to evalu-

ate NP effects [96–98]. A similar case can likely be made for dermal exposures to

nanoparticulates. In the biomedical context it seems clear that nanomaterials

should – and indeed inevitably will – be subject to the same level of intense toxi-

cological scrutiny as drugs and biologicals. Overall, it will be difficult (and per-

haps inappropriate) to make generalized statements about nanocarrier toxicities.

Rather, the toxicological effects will be context-dependent and will be affected by

the route of administration, the dose, the chemical nature of the nanocarrier, its

surface modifications, and the ‘‘payload’’ that it carries.

Once again, it is the liposome technology that has been most thoroughly eval-

uated, both in animal models and in humans [99–101]. In general, the toxicities

associated with liposomal drugs are due primarily to the drugs, since lipids are

natural constituents of the body and are readily metabolized. However, as lipo-

somes are avidly accumulated by liver and splenic macrophages, even ‘‘empty’’

liposomes can cause splenomegaly and hepatotoxicity when administered chroni-

cally [102]. It is not clear whether this is an issue in the use of liposomal drugs in

patients, but an important lesson to be learned from clinical experience with lip-

osomes is that use of a drug carrier can simultaneously have both desirable and

undesirable effects on toxicity. Thus, while one important benefit of liposomal

doxorubicin is its reduced cardiac toxicity [100], this comes at the cost of in-

creased dermal toxicity – the so-called ‘‘hand–foot syndrome’’ [103].

The toxicity of dendrimers has also been studied at the preclinical level, and

this topic has been thoroughly reviewed recently [104]. Various types of experi-

ments have implicated dendrimers in cytotoxicity to cells in culture, hemolysis,

complement activation, cytokine release and generalized in-vivo toxicity. In gen-

eral, polycationic dendrimers such as unmodified PAMAMs are substantially

more toxic than neutral or anionic dendrimers (aCOOH- or aOH-terminated

PAMAMs, polyesters). The toxicology of dendrimers is still at an early stage, but

is likely to expand rapidly as these molecules show so much promise as adjuncts

to imaging technologies.
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Quantum dots and carbon nanotubes have evoked a great deal of interest for

potential use in imaging and drug delivery. Based on very limited studies, claims

have been made concerning the lack of toxicity of these materials. These claims

are probably very premature as neither of these materials has been subjected to

rigorous toxicological analysis. In the case of quantum dots, although their cores

are often comprised of highly poisonous substances such as cadmium and sele-

nium, it has been suggested that their surface coatings prevent toxic effects.

More stringent studies of the potential hazards of carbon nanotubes (CNTs)

and quantum dots have recently begun to appear in journals dedicated to toxico-

logical assessment. A recent meta-analysis of the observations on quantum dots

indicates numerous findings of toxicity in cell culture due to these materials and

their constituents [105]. The long persistence of quantum dots in tissues certainly

raises a ‘‘red flag’’ regarding possible chronic toxicity, though this has not yet

been addressed. In the case of CNTs, one concern is their possible role in the gen-

eration of ROS that can cause tissue damage [96]; this can occur either through

perturbation of biological processes that regulate cellular ROS levels, or through

the generation of reactive species by impurities in the nanotubes. Thus, recent

studies have demonstrated substantial pulmonary toxicity of single-walled and

multi-walled CNTs when administered to the respiratory system [106, 107]. In

summary, the toxicology of truly novel nanomaterials such as CNTs and quantum

dots is still at a very early stage and needs to be pursued in a comprehensive and

stringent manner.

14.7

Summary

During the past few years a number of new nanomaterials have emerged, the

unique physical and chemical properties of which suggest that they may have im-

portant applications in biomedicine, particularly as drug carriers. The challenge is

now to marry these novel physical characteristics with sophisticated biological

characteristics so that effective delivery of therapeutic and imaging agents can be

attained in vivo. Thus, nanocarriers are at the beginning of a long journey from

the laboratory to the clinic; we will surely learn much along the way.
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Organic Nanoparticles: Adapting Emerging

Techniques from the Electronics Industry for

the Generation of Shape-Specific,

Functionalized Carriers for Applications in

Nanomedicine

Larken E. Euliss, Julie A. DuPont, and Joseph M. DeSimone

15.1

Overview

The design and exploitation of materials and structures where at least one dimen-

sion is measured in the nanometer range broadly defines the term ‘‘nanotechnol-

ogy’’ [1]. The umbrella of nanotechnology covers a wide variety of research disci-

plines, ranging from nanomachines to lithography to the development of

nanoparticles (NPs). Nanomedicine is therefore the natural extension of nano-

technology implemented in the medical field. The National Institutes of Health

(NIH) have recently coined the term ‘‘Nanomedicine’’ to mean the application of

nanotechnology for the treatment, diagnosis, monitoring, and control of biolog-

ical systems [2]. At the forefront of research in this area is the development of

methods to target and deliver pharmaceutically-relevant cargo and diagnostic

and imaging agents. One of the current trends in nanomedicine materials devel-

opment is toward tunable monodisperse nanostructures, and considerable effort

has been devoted to the design and fabrication of these materials. However, it is

clear that the scientific community has only ‘‘scratched the surface’’ with respect

to the ability to control and fabricate complex nanostructures with control over

composition, shape, and function.

The use of nanostructures as noninvasive imaging agents – referred to as

‘‘nanodiagnostics’’ – is one current area of research in nanomedicine. Here,

‘‘smart-particles’’ are prepared with the goal of detecting diseases at the earliest

stages [3]. As these nanomaterials decrease in size, both their physical and chem-

ical properties are subject to dramatic change, which often makes them amenable

diagnostic agents. Examples include colloidal gold [4], iron oxide crystals [5],

quantum dots (CdSe/ZnS) [6], and NPs that contain image-active cargos (Gd-

based) [7]. For example, Huang and co-workers have described the use of gold

nanorods of a specific aspect ratio that absorb and scatter strongly in the near-

infrared region. These nanorods are conjugated to anti-epidermal monoclonal

antibodies and can be used simultaneously for molecular imaging and photother-
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mal cancer therapy [8]. Iron oxide NPs cause spin-spin time relaxation changes in

nearby water molecules, and this property can be exploited to detect cancers or

other diseases [9, 10]. Likewise, Akerman et al. have described the use of quan-

tum dots (CdSe/ZnS) for targeted in vivo diagnostic imaging [11]. Here, quantum

dots are defined as inorganic nanocrystals less than 10 nm in size and with tun-

able fluorescent properties. Recently, Whitesides described using the technology

of microfluidics to prepare monodisperse micron-sized particles that can be func-

tionalized with magnetic NPs or dyes for use in imaging [12].

In addition to nanoimaging applications, nanomedicine can provide an array of

opportunities for targeted drug delivery and controlled release applications. Nano-

medicine has both the opportunity and the ability to improve the effectiveness of

drug delivery by targeting pharmaceutically-relevant cargo to specific sites, by

managing the drug’s pharmacokinetics and pharmacodynamics, and improving

on its nonspecific toxicity and immunogenicity [3]. The NPs and nanoscopic ‘‘ves-

sels’’ that serve as the most effective drug delivery vehicles are those engineered

to be biocompatible, site-specific, that have optimal capability to carry relevant

cargo, and can demonstrate controlled release of that cargo. Several areas of re-

search are currently exploring the use of NPs for drug delivery applications; these

include liposomes, micelles, and a variety of other polymeric NPs that are com-

posed of organic polymers with specific physical or chemical properties that

make them relevant delivery vehicles.

Micelles – and liposomes in particular – are the subject of major interest for

drug delivery applications. They possess distinctive advantages over the usual

‘‘free’’ drug administration processes in that they are able to protect the cargo

from premature chemical or physical breakdown, while the surface can be modi-

fied such that the liposome is targeted to a specific receptor, leading in turn to

reduced toxic side effects of the drug. To date, conventional liposomes have been

used to carry and transport both antimicrobials [13] and chemotherapeutics [14],

as well as DNA and proteins [15, 16].

Unfortunately, there are disadvantages to conventional liposomal carriers, the

most prominent being rapid clearance from the blood and chemical and physical

instability [17]. Thus, clear advances have been made recently in the development

of stabilized liposomes. For example, a polyethylene glycol (PEG) coating can be

used to create long-circulating liposomal carriers [18–20], while the placement of

targeting ligands on the surface of the PEG-coated liposome to effect site-specific

delivery and cargo release is also currently under investigation [21–24]. Although

these methods show improvement over conventional liposomes, disadvantages

persist for encapsulating non-hydrophilic cargos, and because liposomes are nei-

ther shape- nor size-specific, this leads to difficulty in their precise loadability

[25].

Additional considerations in the search for the ideal organic NP are the design

and synthesis of polymer conjugates. Polymer–drug (or protein) conjugates are

hybrid structures that tend to be water-soluble (due to control of the chemical

composition of the polymer), to be tumor-specific via the enhanced permeability
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and retention (EPR) effect and tumor target ligands that decorate the polymer

portion of the conjugate, and can be captured via endosomes [26, 27]. Despite

these conjugates offering an alternative approach in the field of nanomedicine,

they are plagued with various difficulties. For example, they must consist of

high-molecular mass, biodegradable polymeric carriers so that they can better ex-

ploit the EPR effect. Additionally, they must be able to move away from the heter-

ogeneity of the carrier and to form a more uniform structure. Dendrimers can

provide a valuable architecture for these conjugates, but they lack complete con-

trol over shape and the ability to load large amounts of therapeutics, targeting

moieties, and imaging modalities [28].

By using emerging materials science technologies, synthetic polymer NPs have

been developed as a more effective drug delivery method, with considerable re-

search effort having been exerted into the advancement of this architecture for

drug transport. For example, recent investigations have led to the production of

NPs composed of biodegradable polymer matrices [29, 30]. These have shown

great potential for use as delivery agents for drugs, for oligonucleotides in anti-

sense therapy, and for DNA in gene therapy [31, 32] through increased control

over release. These degradable polymers can also be signaled to degrade by alter-

ing the pH level or temperature [33–36]. Furthermore, the use of charge or sur-

face modification with targeting ligands has led to new ways of targeting cells for

uptake [37, 38]. For example, DeSimone’s group has demonstrated the cellular

uptake of nanogel–DNA complexes by utilizing a positive charge [39].

An ideal therapeutic carrier would be biocompatible, shape- and size-specific,

monodisperse, composed of virtually any material, amenable to functionalization,

and gentle enough to transport a fragile biological cargo. In this respect, the

emerging technology offered by Particle Replication In Nonwetting Templates

(PRINT) [40] provides an opportunity to take nanomedicine to the next level

by incorporating all of the components of an ideal NP delivery vehicle. PRINT is

a decidedly amenable method for the production of monodisperse, organic par-

ticles of any size or shape, made from a plethora of biocompatible materials

such as poly-l-lactic acid (PLA), PEG, or a degradable polymer. Additionally, by

utilizing a general encapsulation technique, these particles can carry chemother-

apeutics (doxorubicin) or imaging agents (iron oxide). Further versatility is

gained through the ability to readily modify the surface with targeting ligands or

proteins.

The long-term strategies for nanomedicine include the ability to encapsulate

pertinent cargos such as drugs or imaging agents, to target specific sites such as

cells or receptors, and to release these cargos in controlled fashion. Current inves-

tigations in this important area are driven by the desire to create a methodology

by which to deliver biologically-relevant cargo in an effective manner, to reduce

side effects, and to more successfully diagnose and treat disease. Hence, in this

chapter we will describe the current trends in nanomedicine whilst exploring

future directions that will, ultimately, make nanotechnology a vital aspect in the

diagnosis and treatment of disease (Figure 15.1).
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15.2

Methods

The quest for monodisperse, shape-specific nanocarriers is littered with a plethora

of challenges. Typically, the process must be gentle enough to be compatible with

delicate biologicals, yet amenable to a variety of polymeric materials. The key

techniques of bottom-up and top-down fabrication approaches used to achieve

these goals are summarized in the following sections.

15.2.1

Bottom-Up Approaches for the Synthesis of Organic Nanoparticles

Both, microscopic and nanoscopic ‘‘vessels’’, such as micelles, vesicles, liposomes,

and hollow spheres, have been the subject of much on-going current research re-

garding their use in applications ranging from gene delivery [41] to waste re-

Fig. 15.1 Examples of nanocarriers in

medicine. (A) CdSe/CdS nanocrystal [79].

(B) Inverse microemulsion PEG hydrogel [39].

(C) Microfluidics used for Lab-on-a-Chip

technology and micron-sized composite

particle fabrication [12]. (D) DOX-loaded

nanopolymersome [80]. (E) Carbon

nanotubes filled with magnetic particles [81].

(F) DOX-loaded PRINT particles [82].

(Reprinted with permission from Refs. [12,

39, 80, 81]; 8 2002, 2004, 2005, 2006,

American Chemical Society; and Wiley

Interscience 2005 [79].)
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moval [42]. Here, we will briefly outline the current methods used to synthesize

of organic NPs. Micelles and vesicles typically consist of surfactants or block co-

polymers, where the intrinsic differences in chemical potentials of the coordi-

nated polymer fragments permit stabilization of the interface between the solvent

medium and the final structure [43]. These components have been used to orga-

nize a wide array of highly stable and responsive vesicles that can be employed

for the transport and delivery of therapeutic agents. The existing approaches

available for the synthesis of such organic-based NPs are all based on a ‘‘bottom-

up’’ method, for example, grown in a step-wise fashion. The composition of these

materials can be easily controlled and modified, such that cargos can be

‘‘trapped’’ into the cores of the structures. Specifically, the use of liposomes in

medical applications has received a great deal of attention during recent years.

These bilayered membrane structures, which are composed of a phospholipid

bilayer surrounding an aqueous or hydrophilic core, show exceptional biocompat-

ibility and thus great potential for clinical use as pharmaceutical carriers, notably

in the treatment of cancer. Indeed, several liposome-based drugs (e.g., Doxil2,

Fig. 15.2 Conventional delivery vectors. (A) 200-nm cationic nano

hydrogel delivery vectors produced via inverse microemulsion

polymerization [39]. (B) Non-spherical particles synthesized via a ‘‘mini-

emulsion’’ technique [61]. (C) Shell crosslinked knedels (SCKs) [59].

(D) DOX-loaded nanopolymersome [80]. (Reprinted with permission

from Refs. [39, 59, 80]; 8 2002, 2005, 2006, American Chemical Society;

and the author Ref. [61], Figure 2B.)
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Ambisome2, Daunoxome2) are currently undergoing clinical trials or are al-

ready available in the clinical setting.

The original studies conducted by Bangham showed that, when placed in an

aqueous system, phospholipids will self-assemble to form bilayer or multilayer

structures [44–46], since which time several models have been introduced for

the synthesis of liposomes (Figure 15.2). For example, Szoka et al. [47, 48] have

described the formation of liposomes via reverse-phase evaporation. Here, the

vesicles were formed by introducing an aqueous phase to a mixture of phospholi-

pid and an organic solvent, which is subsequently removed by evaporation. Addi-

tionally, Finer has demonstrated a bilayer rearrangement in vesicles by using a

sonication procedure; here, the multilamellar particles of egg yolk lecithin were

broken by sonication into fragments, which then re-aggregated to form single-

shelled vesicles [49]. Further investigations in this area have led to improvements

in the synthesis of liposomes, notably in their ability to increase circulation time,

loadability, and to tether pendants to the surface. Possible methods for attaining

long-circulating liposomes – and therefore increased drug accumulation in the

desired target areas – include coating the surface of the liposome with PEG [50],

leading in turn to an enhanced retention and permeability (EPR) effect [51]. A re-

cent study conducted by Zalipsky focused on the synthesis of a PEG-coating that

could be separated from the liposome at low pH levels, as are found in tumor

cells [52, 53]. Furthermore, chemical techniques exist by which liposomes may

be modified via surface conjugation with proteins, peptides, or other biologically

relevant molecules. The reactions between a carboxyl group and an amino group,

for example, lead to the formation of amide bonds on the surface of liposomes,

and this allows for surface interaction with proteins [54]. Other surface ligands

(e.g., folate) have also been used to modify the liposome surfaces [55]; for exam-

ple, the anticancer drug doxorubicin, when loaded into folate-modified liposomes,

has been delivered into tumor cells via a folate receptor method and subsequently

demonstrated higher cytotoxicity [56].

Liposomes – and more broadly, micelles – have been produced by a range of

both natural and synthetic amphiphilic polymers, leading to nanoscale structures.

Related to the liposomes, shell-crosslinked knedel (SCK) structures have been

shown to be biocompatible, stable, and able to carry a pharmaceutical cargo [57,

58]. Wooley and Hawker have reported on the modification of SCKs with func-

tional groups (azido or alkynyl) on the shell or core domains of the micelles and

SCKs. The introduction of the Click reactive groups to these nanostructures

allows for further interaction with biologically-relevant substrates [59] (Figure

15.2). Likewise, Shen et al. reported on a correlated group of organic NPs, core-

surface cross-linked micelles composed of amphiphilic brush copolymers. In

this method, the hydrophilic brush polymer backbone is cross-linked with the hy-

drophobic core, which significantly augments the stability of the micelle. Addi-

tionally, the surface properties of these micelles can be readily modified for en-

hanced targeting for drug delivery of the NPs [60].

The methods described yield liposomes, micelles, and vesicles that permit the

encapsulation of various pharmaceutically-relevant cargos and allow modification
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of the periphery with various targeting ligands. Despite the advantages posed by

these fabrication techniques, some significant challenges remain, including a re-

stricted payload size, a lack of robustness, rapid elimination from the blood, and

build up in the liver. Additionally, there are limits in the homogeneity of shape

(i.e., spherical NPs) as well as limited control over size and dispersity.

While the spherical shape of micelles and liposomes is determined by external

forces such as surface tension, several methodologies are currently under investi-

gation for the synthesis of non-spherical polymer NPs. Huck and co-workers have

described the synthesis of the first non-spherical liquid-crystalline polymeric NPs

utilizing a mini-emulsion technique. Here, a main-chain liquid crystalline poly-

mer (MCLCP) was dissolved in chloroform and mixed with water and a surfac-

tant; this was followed by ultra-sonication to create a mini-emulsion. A suspen-

sion of polydisperse NPs ranging from 30 to 150 nm was formed after

evaporation of the solvent (Figure 15.2). These particles spontaneously form an

ellipsoidal shape with high aspect ratios; the shape can be further controlled by

altering the temperature [61].

Inverse microemulsion techniques have been used in the synthesis of poly-

meric NPs in order to create submicron hydrophilic polymer particles with

improved polydispersities for use in drug delivery applications. The group of De-

Simone [39] used inverse microemulsion polymerization to synthesize stable, bio-

compatible polymeric nanogels less than 200 nm in size, for anti-sense and gene

delivery to HeLa cells via the exploitation of charge. These spherical particles

showed a narrow size distribution, with polydispersity of less than 10% for the

nonionic hydrogels [39] (see Figure 15.2).

15.2.2

Top-Down Approaches for the Fabrication of Polymeric Nanoparticles

The ability to control the matrix material, as well as the size and shape of poly-

meric NPs, is an important goal as materials science approaches the nanometer

regime. As noted in Section 15.2.1, polymeric NPs produced via a bottom-up

approach have highly diverse matrices as well as an ability to tether pendants to

the surface and/or encapsulate materials into the polymeric core, but little control

over shape, size, and dispersity. Top-down processes for the fabrication of poly-

mer NP, in addition to controlled composition and loadability, provide the option

of imparting shape to the particle. By utilizing ‘‘state-of-the-art’’ engineering pro-

cesses [62] – for example, microfluidics, molding, embossing, photolithography,

and imprint lithography – the materials scientist can produce countless materials

for nanomedicine applications that have controlled composition, function, disper-

sity, and shape. Here, we will outline the various ‘‘top-down’’ methods used to

control the shape, size, and matrix material of polymeric materials.

15.2.2.1 Microfluidics

The use of ‘‘top-down’’ fabrication utilizes the ability of an engineering technique

to produce devices or templates that are a myriad of shapes and size that are em-
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phatically monodisperse on a variety of length scales. By using these techniques,

nanostructures can be fabricated and composed of a variety of materials. The

promising technique of microfluidics enables one to control the fabrication of

non-spherical particles. Microfluidics capitalizes on the changes in physical prop-

erties of fluids once they are constrained in the specifically-designed microchan-

nels of the device. Doyle and colleagues [63] have utilized the shearing forces of a

photopolymer in a continuous water phase at a specifically-designed microfluidics

junction [fabricated by pouring polydimetholxysilane (PDMS) onto a silicon

wafer containing positive-relief channels patterned in a SU-8 photoresistor] to

produce non-spherical uniform polymer particles on the micron scale. Variation

of the speed of the ‘‘shearing’’ liquid provides control over the dimensions and

shape of the resulting droplets. The polymeric (PEG based) disc-shaped particles

produced are on the order of 16 mm, with a diameter of 40 mm. As the capabilities

of lithography grow, it should be possible to scale down the microfluidics device

to produce polymeric particles of <10 mm. Additionally, Whitesides et al. [12]

have applied a similar method to control the size of monodisperse particles (20

to 1000 mm) by utilizing a microfluidics device, not only to photopolymerize the

particles but also to thermally ‘‘set’’ them into a defined shape based on the speed

of the shearing material. By using this method, it was also possible to produce

multi-component, polymer-based beads with cargos that include copolymers, flu-

orescent dyes, inorganic NPs (CdSe), liquid crystals, and microporous particles.

The loadability of these polymeric particles enables them to be used as carriers

of medicines.

Whilst microfluidics offers an attractive method to fabricate polymer particles

that can be either photochemically or thermally cured, the alternative engineering

techniques of molding and heat embossing may be useful as the quest for nano-

materials is expanded. Yue and co-workers [64] have investigated new materials

(e.g., titanium nitride, TiN) for the nanopatterning of silicon via focused ion

beam (FIB) lithography. These authors used TiN because it has desirable hydro-

phobic, chemical and metallurgical stability for multiple mold casting. The group

used SYLGARD 184 (rms roughness 10.5G 7.0 nm) to cast rubber molds of the

TiN-nanopattened substrate (rms roughness 4G 2.0 nm), after which the pat-

terned molds were used to UV-emboss PEG-diacrylate. This was accomplished

by pooling a solution of PEG-diacrylate:2,2-dimethoxy-2-phenyl-acetophenone

(99.7:0.3, w/w) on the rubber casting of the TiN-modified silicon-patterned sub-

strate. The replicated structures composed were shown to be biocompatible and

non-adhesive to protein and cells [65, 66]. Moreover, by slightly altering the

method these authors showed that they could fabricate a high aspect ratio (b 5)

microarray of microcups composed of the same biocompatible material [67].

15.2.2.2 Photolithography

Photolithography constitutes an additional engineering technique that allows for

nanofabrication. Customarily, lithography has employed light (photolithography)

that is generated by lasers or other sources of various wavelengths (365 nm,
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248 nm, and 193 nm) to create images or patterns in formulated polymer films

known as photoresists [68]. Once the desired pattern is generated (i.e., arbitrarily

shaped wells), specifically-designed channels are typically ‘‘transferred’’ into the

underlying substrate, using aggressive processing conditions that include (but

are not limited to) reactive ion etching (RIE) [68]. Willson and colleagues [69]

have utilized this platform of photolithography to engineer discrete shapes

(squares, circles, triangles, crosses) on the micron regime (Figure 15.3). The

group utilized a modified contact lithographic process to fabricate what they

referred to as ‘‘MUFFINS’’ (Mesoscale Underaddressed Functionalized Features

Indexed by Shape). This was accomplished by dispensing a PEG-diacrylate pre-

polymer solution that contained the desired sensing moiety (various 18-mer tar-

get DNA sequences) into a Teflon container, on top of which was placed a photo-

mask. The resulting component was subsequently UV-treated. The uncrosslinked

polymer portions were washed, leaving isolated shape-specific structures that con-

tained bioactive material. The isolated hydrogel structures served as a biosensor

via complementary binding experiments, and were monitored using fluorescence.

As photolithography is currently approaching its limit of resolution (90 nm with a

Fig. 15.3 (A) MUFFINS comprised of PEG with encapsulated DNA base

pairs [69]. (B and C) Master silicon templates fabricated using reactive

ion etching; these master templates are compatible with the PRINT

process. (Reprinted with permission from Ref. [69]; 8 2004, American

Chemical Society.)
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minimum feature size of 37 nm [62]), research groups in this field are now inves-

tigating new methods to fabricate materials that will be pertinent to the nano-

meter regime for nanomedicine applications.

15.2.2.3 Imprint Lithography

In contrast to the traditional methods of lithography, imprint lithography is being

applied to the precise fabrication of next-generation NPs, integrated circuits and

other electronic and photonic devices (Figure 15.3). Imprint lithography is an al-

ternative to photolithography for the manufacture of integrated circuits and other

devices with sub-100-nm features [70–74]. The technique involves a very simple

molding process wherein a mask containing shaped cavities is brought into direct

contact with curable liquids to create features and patterns on substrates. The per-

formance of perfluoropolyether-based elastomers (PFPEs) in imprint lithography

was demonstrated using replica molds generated from master templates created

at IBM’s Almaden Research Center in California; these had features with a width

of 140 nm, a depth of@50 nm, and a separation of 70 nm [75]. The molds cast

using the PFPE-based fluoroelastomer materials (0.4 nm roughness factor) main-

tained exact preservation of the nanoscale features of the patterned silicon wafer

master. The features on the PFPE-based mold, as determined by atomic force mi-

croscopy, had an average height of 51 nm, which was in excellent agreement with

the measured 54 nm height of the features in the silicon master. In principle,

imprint lithography is orders of magnitude less expensive than traditional photo-

lithographic methods used to make features that are smaller than the imaging

exposure wavelengths available today. Hence, the technique is attracting great ex-

citement as a replacement for photolithography. However, one ubiquitous aspect

of imprint lithography has been the so-called ‘‘scum’’ layer which interconnects

all features made using imprint lithography [70–74]. In microelectronics applica-

tions, this layer is typically eliminated by using harsh etching processes, such as

RIE from an oxygen plasma (O2-RIE) [68].

Reactive plasmas such as O2-RIE function by bombarding a surface with an

anisotropic stream of high-energy particles that chemically ablate [68] the resist

to remove the scum layer uniformly. While these processing methods are well

established in the semiconductor industry – where hard, robust, inorganic mate-

rials are the norm – they are incompatible with organic materials that are delicate

or that would contain biologically-derived moieties. DeSimone and colleagues [75,

76], while investigating new materials to overcome the occurrence of the scum

layer, showed that specially-designed, photochemically curable PFPEs [75] could

perform accurate nanometer-scale molding when used in lieu of the traditional

elastomers presently used in imprint lithography. As mentioned previously, one

drawback of imprint lithography is the scum layer that forms when the technique

is based on traditional materials such as PDMS [72–74]. PFPE-based molds, on

the other hand, are highly fluorinated and have surface energies of 12 dynes

cm�1, far less than that of PDMS (20 dynes cm�1) [75] (Figure 15.4). With such

non-wetting, non-swelling characteristics, PFPE-based materials enable the gener-
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ation of microfluidic devices and harvestable, scum-free objects or particles, by

using PRINT.

15.2.2.4 PRINT

PRINT enables the fabrication of monodisperse particles with simultaneous con-

trol over structure (i.e., shape, size, composition) and function (i.e., cargo, surface

structure). PRINT utilizes the non-wetting properties of the highly fluorinated

elastomeric mold and a substrate to produce isolated, harvestable objects with ap-

Fig. 15.4 (A) Harvested triacrylate particles

using a scalpel. (B) Harvested cones. (C)

200-nm triacrylate particles connected by a

scum layer (D) that have been harvested

using a doctor’s blade. The features are

clearly connected by an underlying layer in

stark contrast to those seen in (A) which are

isolated, discrete objects. (E) In PRINT, the

non-wetting nature of fluorinated materials

and surfaces (shown in green) confines the

liquid precursor inside the features of the

mold, allowing for the generation of isolated

particles. (Reprinted with permission from

Ref. (40); 8 2005, American Chemical

Society.)
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plications ranging from drug delivery agents [40] to photovoltaics [40]. This is ac-

complished by taking advantage of the reversible seal that is formed between the

mold and substrate as slight downward force is applied, and the organic liquid to

be molded is either confined within the shaped cavities of the mold or forced out

due to the low surface energy of both the mold and the surface. The ability to

mold isolated or scum-free objects at the nanoscale is enabled by having fluori-

nated, low-surface energy materials comprising the internal surfaces exposed to

the liquid to be molded (Figure 15.4). Hence, PRINT is the first general, singular
method capable of forming particles that:

� are monodisperse in size and uniform shape;
� can be molded into any shape;
� can be comprised of essentially any matrix material;
� can be formed under extremely mild conditions (and are

therefore compatible with delicate cargos);
� are amenable to post-functionalization chemistry for the

bioconjugation of targeting ligands; and
� are in an addressable array (which opens up combinatorial

approaches, as the particles can be ‘‘bar-coded’’ using

methods similar to DNA array technologies).

As such, PRINT represents a significant scientific and technological break-

through which will allow the fabrication of previously inaccessible populations

of the nanobiomaterials that are poised to revolutionize and accelerate our trans-

lational understanding, detection, and treatment of cancer. PRINT is sufficiently

delicate and general to be compatible with a wide variety of important nanobio-

materials targeted for advanced understandings and therapies in cancer preven-

tion, detection, diagnosis and treatment. To date, by using PRINT we have fabri-

cated monodisperse particles from a wide range of particle matrix materials,

including PEG, PLA, poly(pyrrole) (Ppy), and a triacrylate resin.

Monodisperse, shape-specific, and fully bioabsorbable NPs have not previously

been fabricated, yet PRINT can be used to make particles from PLA and deriva-

tives thereof such as poly(lactide-co-glycolide) (PLGA). It is well known that PLA

and PLGA have had a considerable technological impact on the drug delivery and

medical device industries, mainly because they are both fully bioabsorbable and

nontoxic. Specifically, monodisperse PLA particles using PRINT were fabricated

by treating a small amount of the cyclic lactide monomer, (3S)-cis-3,6-dimethyl-

1,4-dioxane-2,5-dione, with the FDA-approved polymerization catalyst, stannous

octoate, at 110 �C in a PFPE mold designed to fabricate 200-nm particles. After

polymerization had been achieved, the PFPE mold and the flat, non-wetting sub-

strate could be separated to reveal an array of monodisperse 200-nm trapezoidal

particles. We have also generated monodisperse, shape-specific 200-nm trapezoi-

dal particles from Ppy; the latter has been used in a variety of applications, rang-

ing from electronic devices and sensors to cell-scaffolds. Ppy particles may be fab-

ricated via a one-step polymerization process, by placing a drop of a 1:1 (v/v)

solution of tetrahydrofuran: pyrrole and perchloric acid into the molding appara-
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tus, followed by vacuum evaporation of the solvent. Subsequently, monodisperse

200-nm Ppy trapezoidal particles and 3-mm arrows were fabricated, with good

fidelity.

As stated previously, PEG is a material which currently is of tremendous inter-

est to the biotechnology community, due mainly to its commercial availability,

nontoxic nature, and biocompatibility. PRINT can be used to produce monodis-

perse, nanometer-scale PEG particles in a variety of shapes by molding PEG-

diacrylate liquid monomer, followed by room-temperature photopolymerization.

Because the morphology of the particles is controlled by the master, it is possible

to generate complex PEG particles on a variety of length scales.

With the PRINTmethodology, particle harvesting is straightforward, and can be

accomplished by utilizing several methodologies [77, 78], including the use of a

sacrificial adhesive layer composed of poly(cyanoacrylate), which is both biocom-

patible and non-carcinogenic, as well as being an FDA-approved ‘‘medical adhe-

sive’’. The adhesive is placed between the filled mold and a sheet of glass, such

that the embedded particles are left behind when the mold is removed. This sac-

rificial adhesive is then dissolved in acetone, and removed by centrifugation.

By taking advantage of the delicate nature of PRINT, it is possible to incorpo-

rate a myriad of materials into the precursor PRINT polymer solution before par-

ticle formation, including image-contrast agents (superparamagnetic iron oxide

particles or gadolinium), therapeutics (doxorubicin/paclitaxel/bortezomib), or-

ganic dyes (rhodamine), antibodies, proteins, and/or DNA (Figure 15.5). To this

end, we have demonstrated the production of PRINT particles composed of a

PEG-matrix which contain the chemotherapeutic cargo, doxorubicin, using a gen-

eral encapsulation technique, and have also demonstrated its release over time

into an aqueous phase (Figure 15.5). Additionally, we have shown DNA and pro-

teins to be incorporated into sub-200-nm PEG NPs [40]. In addition to being ame-

nable to carrying pertinent cargo, PRINT can be used to fabricate particles con-

taining relevant chemical handles on their periphery but degradable monomers

within the matrix, thereby enhancing both targeting to specific cell types and de-

livery of the chemotherapeutic cargo.

15.3

Outlook

During recent years, great strides have been made in the use of organic NPs in

nanomedicine, such that today, liposomal drugs such as Doxil2, AmBisome2,

and DaunoXome2 are used in lieu of their free drug counterparts and represent

fresh alternatives that are more effective with fewer adverse side effects. The chal-

lenges of liposomes, however, include limited payload size, a lack of robustness,

difficulties in functionalizing the liposomal material, and problems in their being

targeted to specific cell types. One alternative to liposomal delivery, with hopes of

increases in payload and greater robustness in vivo is to use protein NPs to deliver

the drug. A newly available drug, AbraxaneTM – an injectable suspension of pacil-
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taxel (a pertinent cancer chemotherapeutic) bound to albumin – has a mean di-

ameter of 130 nm and utilizes this motif. These nanocarriers of medicines offer

more advantageous alternatives compared to administration of the free drug, but

lack the ability of increased payload, limited control over size and shape, and typ-

ically are polydisperse. In contrast, top-down methods for the fabrication of nano-

carriers of medicines can produce monodisperse shape-specific materials, but are

plagued with limitations of the engineering techniques used as they approach

their size limitations. They also display incompatibility between the delicate bio-

logicals and the harsh conditions required to eliminate the residual interconnec-

Fig. 15.5 Confocal micrographs of: (A) CY-3 tagged DNA encapsulated

in 200-nm trapezoidal PEG PRINT particles [40]. (B) Protein biosensor

tagged to the peripheral of 3-mm disc-shaped PEG PRINT particles.

(C) Harvested PRINT particles that contain a pertinent

chemotherapeutic. (D) Differential interference contrast micrograph

showing the same PRINT particles depicted in (C). (Reprinted with

permission from Ref. [40]; 8 2005, American Chemical Society.)
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tive layer. Today, new materials are being designed to increase the ability to pro-

duce new materials in concert with increasing the size limits of engineering tech-

niques, so that nanocarriers can be fabricated which are robust, functionalizable,

loadable, and monodisperse.

The main questions to be addressed when investigating medicines on the

nanometer scale include: ‘‘What interrelated roles do shape, size and mechano-

chemico functionality play on the biodistribution and efficacy of nanocarriers in
vivo?’’ And, ‘‘How can this understanding translate into more efficacious detec-

tion, diagnosis, and therapeutic and prevention strategies?’’ PRINT combines the

precision, uniformity and mass production of the nanoscale microelectronics in-

dustry with the generation and harvesting of extremely versatile, shape-specific

organic carriers that have specific chemical functionality and tailored mechanical

properties. The ability to directly fabricate and harvest uniform populations of

monodisperse, shape-specific organic nanobiomaterials capable of delivering a va-

riety of therapeutic, detection and imaging agents to specific sites within living

organisms will help to answer these questions. Scale-up from the electronics in-

dustry should be possible in order to precisely fabricate these ‘‘smart’’ NPs with

unprecedented uniformity and capability. Moreover, it should be possible to carry

out such mass production in a manner that will allow particles to be customized

for use by other research teams worldwide, by establishing a particle ‘‘foundry’’.

Indeed, it is hoped that the current Good Manufacturing Practice of Nanomedi-

cine will in the future include materials that are monodisperse, comprised of

any matrix, are loadable, shape-specific, tumor- and/or tissue-specific, and utilize

imaging techniques to produce medicines that will eliminate the premature

death and suffering of patients.
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Poly(amidoamine) Dendrimer-Based

Multifunctional Nanoparticles

Thommey P. Thomas, Rameshwer Shukla, Istvan J. Majoros,

Andrzej Myc, and James R. Baker, Jr.

16.1

Overview

Conventional cancer chemotherapy using small-molecule drugs is limited by

their generally poor solubility, nonspecific toxicity, and drug resistance [1]. Effi-

cient, cell-specific homing of drugs is crucial in cancer therapy in order to com-

pletely eradicate all neoplastic cells and thereby prevent the re-growth of can-

cerous tumors. Targeted therapy using water-soluble macromolecular platforms

as carriers of the drug has the potential to decrease the potent systemic toxicity

caused by the current chemotherapy and to improve the therapeutic index. This

is also based on the notion that the drug delivered through a carrier will have im-

proved solubility and pharmacokinetics [2]. In addition, a targeted drug may have

different routes of endocytic pathway from the non-targeted free drug, which

could lead to increased cellular retention and action of the drug and decreased

drug resistance.

In cancer therapy a ‘‘smart’’ macromolecular drug-carrier should meet several

criteria for its in-vivo applicability. The ideal macromolecular platform should be:

(i) able to carry multiple targeting and drug molecules; (ii) soluble in body fluids;

(iii) uniform and monodispersed when dissolved; (iv) diffusible through tissue

barriers such as the vasculature and the interstitial fluid; (v) transported into the

cancer cell to release the drug into the appropriate cell compartment; (vi) non-

toxic before and after biodegradation; and (vii) non-immunogenic. Over the past

decade, several drug conjugates using carriers such as liposomes, polymers, and

dendrimers which meet many of the above mentioned criteria have been devel-

oped [3–6].

Dendrimers have recently emerged as one of the most suitable drug delivery

platforms, owing to properties such as their biocompatibility, dimension, and

structural architecture which mimic certain biomolecules [3, 4, 7, 8]. Dendrimers

are nanosized (2.5 nm to 10 nm) macromolecules that can be synthesized as dif-

ferent ‘‘generations’’ in different molecular weights and sizes. For example, the
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poly(amidoamine) (PAMAM; StarburstTM) dendrimer generations 3, 4, and 5 are

3.6, 4.5, and 5.4 nm in diameter, respectively, and resembles the sizes of the bio-

logical molecules insulin (3 nm), cytochrome c (4 nm), and hemoglobin (5 nm).

The three-dimensional architecture of the dendrimers is similar to that of some

biomacromolecules (e.g., glycogen) and, considering their dimension and bio-

compatible properties (see below), these dendrimers can be termed as ‘‘artificial

biomacromolecules’’. On the basis of these bio-mimicking characteristics, several

dendritic molecules have been tested as platforms for the delivery of drugs, either

as non-covalent encapsulation complexes, or through carefully engineering the

dendrimer to covalently conjugate multiple targeting and drug moieties.

Dendrimers such as PAMAM, poly(propylene imine) (PPI), poly (aryl ether)

branches – and those containing core molecules such as carbohydrate or

calixarene – have been described as possible drug-delivery agents [8–10]. These

dendrimers, when conjugated through a variety of linkages and core groups, are

synthesized using different iterative synthetic strategies under controlled condi-

tions. These synthetic strategies can direct the size, shape, and dimension of the

dendrimers’ interior molecular space and the number of surface functional

groups by varying the core molecules and the nature of its branching points [4,

11].

Detailed descriptions on the synthesis and properties of different types of den-

drimer have been reviewed recently [4, 8, 11–13]. One of the most extensively

studied group of dendrimers for biological applications is the PAMAM (‘‘Star-

burst’’) dendrimers, which are also the first dendrimer type to be synthesized

and characterized. Studies from the authors’ laboratory have shown the potential

applicability of the PAMAM dendrimers as a drug-delivery platform [15–17]. The

chemical and biological properties and the in-vivo applicability of the PAMAM

dendrimers as drug carriers are reviewed in this chapter.

16.1.1

PAMAM Dendrimers: Structure and Biological Properties

PAMAM dendrimers resemble globular proteins more than linear-chain poly-

mers (Figure 16.1). They are spherical, highly ordered, multi-branched polymers

having positively charged amino groups on the periphery at physiological condi-

tions. These surface amino groups provide useful moieties for functional modifi-

cation as they allow a variety of reactions to be performed under mild conditions.

We and others have recently reported the synthesis and biological properties of

conjugates of the PAMAM dendrimer-conjugates with molecules such as folic

acid, peptides, and antibodies [18–22].

The small size and hydrophilic nature of the PAMAM dendrimer prevent them

from being phagocytosed by the macrophages of the mononuclear phagocytes

system (MPS) in the spleen, liver, lungs and bone marrow (the MPS takes up hy-

drophobic particles larger than 100 nm in diameter). The biocompatibility of the

PAMAM dendrimer depends on several factors, such as surface charge and func-
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tionality, dendrimer generation, and route of administration [23]. Both cationic

and anionic PAMAM dendrimers induce cytotoxicity in a concentration- and

generation-dependent manner [23–25]. Neutral dendrimers with the surface

amino groups ‘‘capped’’ with neutral molecules such as acetamide [14, 16, 26] or

lauryl and polyethylene glycol (PEG) chains [25] do not show significant in-vitro
cytotoxicity. The in-vivo application of amine-terminated PAMAM dendrimers

can lead to severe toxicity due to its hemolytic activity and nonspecific interaction

with cellular membranes [23, 27], whereas acetamide-capped neutral dendrimers

do not induce any toxic effect at comparable concentrations [17]. The PAMAM

dendrimers show low immunogenicity, and their conjugation with certain mole-

cules such as PEG can make it completely non-immunogenic [28].

The PAMAM dendrimer can serve as a highly suitable platform for tumor de-

livery of drugs. Higher-generation dendrimers can become entrapped in a tumor

tissue through a process termed as ‘‘enhanced permeability and retention’’ (EPR).

This is caused by the leaky property of the tumor vasculature (up to 400 nm pore

size versus 2–6 nm in normal vasculature) that allows the entry of a macromole-

cule; the latter is then retained in the tumor due to ineffective lymphatic drainage

from the tumor interstitial fluid. Smaller molecules, which easily diffuse out of

the tumor, do not accumulate in the lesion by the EPR effect. Although the EPR

property has been exploited for macromolecule-mediated ‘‘passive’’ drug target-

ing, this is an ineffective strategy due to the absence of the EPR effect in all areas

Fig. 16.1 Size comparison between G5 and G7 PAMAM dendrimers

and two biomolecules of similar sizes.
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of larger tumors, and due to the inability of a carrier to internalize passively into

cells in these areas of the tumor. Therefore, it is important to develop specific,

targeted delivery of drugs into the tumor.

16.1.2

PAMAM Dendrimers as a Vehicle for Molecular Delivery into Cells

16.1.2.1 PAMAM Dendrimers as Encapsulation Complexes

PAMAM dendrimer has been tested as a ‘‘nanocomposite’’ to carry atoms or mol-

ecules into cells. Under this strategy, the dendrimer–drug complex is generated

through non-covalent interaction [8, 29–31]. The encapsulation process is ex-

pected to yield dispersed small domains of the guest molecules such as metal

ions, probably involving H-bonding, ionic and van der Waals forces, and trapping

of the molecules within the dendrimer cavity. The metal nanoparticles (NPs) can

be prepared by either in-situ chemical reaction (e.g., the reduction of metal ions to

metal with zero valency) or by physical treatment (e.g., irradiation). Spherical

clusters of NPs composed of gold and PAMAM dendrimers with a well-defined

size (5–25 nm) have been shown internalize into cells [32]. Similarly, silver-based

PAMAM dendrimer nanocomposites have been prepared in which the silver

atoms, ions, or silver clusters are dispersed within the dendrimer cavity [33]. Be-

cause the dendrimer host is soluble, the silver clusters with extremely high sur-

face areas can slowly diffuse out, making it a useful as a topical antimicrobial

agent. As another example, the chemotherapeutic drug cisplatin, upon encapsula-

tion into PAMAM dendrimers, results in an increased chemotherapeutic index as

compared to the free drug [34].

Although the above-described ‘‘dendrimer-nanocomposites’’ with drugs and

other molecules remain stable during ultrafiltration or dialysis in water, these

molecules are released from the dendrimer in the presence of isotonic salt solu-

tions. Therefore, the in-vivo applicability of such dendrimer–drug complexes,

when entrapped non-covalently in its cargo space, is greatly limited due to the un-

desirable diffusion of the drugs in the isotonic biological milieu, prior to reaching

the target cells [35]. Because of the biological instability of the ‘‘nanocomposites’’,

it is important to develop a covalent dendrimer–drug conjugate that is stable in

the circulation, but capable of releasing the drug in the cancer cell.

16.1.2.2 Multifunctional Covalent PAMAM Dendrimer Conjugates

Dendrimer-based targeted drug delivery is based on the principle that if a recep-

tor is specifically expressed, or over-expressed, on the surface of the cancer cell, a

covalent conjugate of the dendrimer with the drug and a ligand for the receptor

travels stably through the circulation and specifically binds, internalizes into the

cell, and delivers the drug into the cytosol. The advantage of such covalent conju-

gates is that additional functions such as a fluorescent sensing agent or an

apoptosis-detecting agent can be covalently incorporated onto the dendrimer sur-

face for multifunctional analysis.
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For targeted therapy, a tumor-specific cell surface receptor must be initially

identified. A variety of cellular receptors have been identified for molecules such

as folic acid (FA), peptides, proteins, and antibodies which are relatively more

specific for, or overexpressed, in cancer cells, and may serve as potential cell

surface-targeting molecules. For example, FA is a small molecule, the receptor

(FAR) of which is overexpressed on the surface of a variety of malignancies such

as cancer of the ovary and breast. Our studies have shown that KB cells which ex-

press high FAR are a suitable model to investigate the binding of FA-conjugated

dendrimers (Figure 16.2). Acetamide-capped neutral PAMAM dendrimers with

FA as the targeting molecule and methotrexate (MTX) as the chemotherapeutic

drug are able to target FAR-expressing KB cells in vitro, and in mice xenograft

KB tumors in vivo [14, 16, 17]. In this conjugate, the FA is conjugated through

an amide linkage and MTX through an ester linkage. The ester linkage allows

the release of the drug in the endosomes at acidic pH and through hydrolysis by

cellular esterases [16]. Other investigators have also used a similar PAMAM den-

drimer system to target FAR-expressing tumor cells [18, 36].

Peptides are other small molecules which are currently undergoing extensive

testing as cancer-targeting molecules. Targeting using peptides has several advan-

tages over that using the intact protein ligands. Notably, owing to their smaller

size, peptides have better pharmacokinetic properties, faster blood clearance, and

lower immunogenicity than proteins. Moreover, due to the increased stability of

peptides, the conjugation chemistry using peptides can be performed easily. Sev-

eral identified peptides that bind to receptors such as integrins [37], human endo-

thelial growth factor (EGF) receptor 2 (HER2) [38, 39], and luteinizing hormone-

releasing hormone (LHRH) [40] are known to be overexpressed in certain tumors

which can serve as the ligands for dendrimer-based targeting. We have conju-

gated the avb3 integrin-binding cyclic peptide ‘‘RGD4C’’ containing the binding

sequence Arg-Gly-Asp to the PAMAM dendrimer, attaching AlexaFluor as the de-

tecting dye [21]. This conjugate (G5-AF-RGD) binds and internalizes into the avb3
integrin-expressing human umbilical vein endothelial cells (HUVEC) (Figure

16.3).

As certain antigens and proteins are overexpressed in cancer cells, antibodies

have been exploited as targeting agents [41]. Our studies have also demonstrated

the applicability of PAMAM dendrimers for antibody-based drug targeting.

Acetamide-capped dendrimer linked to fluorescein isothiocyanate (FITC) as the

sensing agent and either of the two antibodies, 60bca or J591, which bind to

CD14 and prostate-specific membrane antigen (PSMA), respectively, target and

internalize into the corresponding antigen-expressing cells in vitro [19, 42]. The

conjugate G5-PAMAM-Alexa Fluor-Herceptin (G5-AF-HN) binds and internalizes

into HER2-expressing MCA207 cells, but not the control MCA207 cells [43].

Studies conducted by others have also demonstrated the applicability of PAMAM

dendrimers for the antibody-based delivery of boron in boron neutron capture

therapy [44].

After selecting a suitable targeting molecule specific for the tumor to be tar-

geted, the next task is to determine the appropriate apoptosis-inducing chemo-
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therapeutic drug for conjugation to the dendrimer. Several FDA-approved chemo-

therapeutic drugs currently used in the clinic can also be used for conjugation to

the PAMAM dendrimer [4]. Hence, we have used the drugs MTX (which inhibits

the enzyme dihydrofolate reductase and stops nucleotide and DNA synthesis)

[16] and taxol (which promotes microtubule assembly and causes cell cycle arrest)

[45] for conjugation to PAMAM dendrimer. In a mouse model developed with FA

receptor-expressing xenograft tumors, the MTX-conjugated dendrimer with FA as

the targeting agent (G5-FA-MTX) shows increased chemotherapeutic index as

compared to free MTX [17]. The increased efficacy of the conjugate is due to FA-

Fig. 16.2 Targeting of G5-6T-FA into KB cells.

(A) Chemical structure of G5-6T-FA. The

generation 5 (G5) PAMAM was initially

partially acetylated (@80–90%) and onto it

was conjugated three to five molecules of 6-

TAMRA (structure shown in inset) and four

to five molecules of folic acid (FA) through

amide linkages between the remaining

primary amino groups of the dendrimer

and the carboxyl groups of the 6-TAMRA

or the FA. Control conjugate (G5-6T) was

synthesized without performing the third step

of conjugating the FA. (B) Dose-dependent

binding of G5-6T and G5-6T-FA in FA

receptor-expressing KB cells, analyzed by flow

cytometry following incubation with different

concentrations of the conjugates for 1 h

at 37 �C. The data shown are the mean

fluorescence of 10 000 cells. (C, D). Confocal

microscopic images showing the internal-

ization of G5-6T-FA (D), but not the control

conjugate G5-6T (C). The cells were grown

on coverslips and incubated with 100 nM

each of the conjugates for 1 h at 37 �C. The
cells were rinsed, fixed with p-formaldehyde,

stained with the nuclear stain DAPI (blue

stain), and analyzed by confocal microscopy.
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mediated targeting and entry into the tumor cells, because an equivalent dose of

the control conjugate G5-MTX failed to show any effect on tumor regression.

As chemotherapeutics are known to cause cell death through a process called

apoptosis or programmed cell death [4, 46], monitoring of the latter can provide

useful information on the status of cancer cell death. During apoptosis, several

cellular biochemical changes occur, which may be monitored if an intermediate

biomolecule of the apoptosis pathway can induce changes in the fluorescent

property of a molecule delivered through the dendrimer. Fluorescent apoptosis

detection consists of using either a single dye such as rhodamine (which mea-

sures mitochondrial membrane permeability), or two dyes in combination utiliz-

ing a process termed fluorescence resonance energy transfer (FRET) [4, 47]. The

synthesis of a FRET-based apoptosis-detecting PAMAM dendrimer device con-

sists of conjugating a donor-acceptor fluorophore coupled to the dendrimer. For

example, a donor and acceptor fluorophore can be coupled though the peptide

Fig. 16.3 Targeting of G5-AlexaFluor-

RGD(G5-AF-FA) into HUVEC cells. (A)

Chemical structure of G5-AF-RGD. The G5

PAMAM was initially partially acetylated

(@80–90%) and onto it was conjugated an

average of three molecules of AF [structure

shown in (B)] and two to three molecules of

the RGD peptide as described in Ref. [21].

(C) Dose-dependent binding of G5-AF-RGD

in FA receptor-expressing HUVEC cells,

analyzed by flow cytometry following

incubation with different concentrations of

the conjugates for 1 h at 37 �C; data shown

are mean fluorescence of 10 000 cells. (D)

Confocal microscopic images showing

internalization of G5-AF-RGD in HUVEC cells.

The cells were grown on coverslips and

incubated with 100 nM conjugate for 1 h at

37 �C. Cells were rinsed, fixed with p-

formaldehyde, stained with the nuclear stain

DAPI (blue stain), and analyzed by confocal

microscopy.
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DEVD, a substrate of the apoptotic enzyme caspase-3, which will have a reduced

fluorescence due to the FRET action between the dyes. The intracellular hydro-

lysis of this peptide will result in an increase in fluorescence which can be quan-

tified using appropriate techniques.

16.1.2.3 PAMAM Dendrimers as MRI Contrast Agents

Magnetic resonance imaging (MRI) is a noninvasive tissue imaging technique

that provides high temporal and spatial imaging resolution of up to 100 mm.

Amine-terminated PAMAM dendrimers of varying generations have been tested

as Gd-based MRI contrast agents to test the in-vivo distribution in mice [22].

Dendrimer–Gd complexes with smaller size (<3 nm) are rapidly extravasated to

diffuse throughout the body, whereas complexes between 3 and 6 nm are quickly

excreted through the kidney. Dendrimers with sizes of 5–7 nm have a preference

for extravasation into the tumor tissue, whereas those of 7–12 nm are largely re-

tained in the circulation [22]. Based on this observed tissue distribution profile,

different-sized dendrimers can be selected as suitable MRI contrast agents for dif-

ferent tissues. For example, the higher-generation PAMAM dendrimers are suit-

able for vascular imaging due to their ability to stay in the blood circulation for

extended periods of time. Moreover, these conjugates possess greatly enhanced

relaxivities compared to the commonly used contrast agents such as gadolinium

chelates, due to the slow rotation of the conjugated paramagnetic ion and in-

creased correlation time [22, 48].

16.1.2.4 Application of Multifunctional Clusters of PAMAM Dendrimer

The conjugation of different types of multiple molecules for targeting, imaging

and drug delivery onto the same dendrimer molecule has several limitations.

The hydrophobicity of the added functions can result in reduced solubility of

the conjugate, leading to low yield during synthesis and reduced solubility in

aqueous biological fluids. Also, the physical and chemical interaction between

the different molecules conjugated densely on the dendrimer surface and the

consequent steric hindrance may reduce the activity of their functions, such as

the affinity of a targeting molecule or the fluorescence of a fluorochrome through

FRET action. However, these problems can be solved by conjugation of only one

function per dendrimer molecule and linking the dendrimer conjugates carrying

separate functions to form a ‘‘cluster’’ or ‘‘tecto’’ dendrimer. The versatility of

such a cluster dendrimer is the easy combinatorial synthesis of a ‘‘custom’’ conju-

gate by linking separately synthesized single-function conjugates carrying a spe-

cific targeting molecule, a drug, or an apoptosis sensor. We have synthesized den-

drimer clusters by linking two dendrimer molecules through a short DNA chain

(Figure 16.4). This is easily achieved by the self-assembly (annealing) of two

single-stranded complementary DNA molecules covalently conjugated onto two

separate dendrimers carrying two different functions. Our recent studies have

proven the biological applicability of a synthesized cluster dendrimer with FA

and FITC as the two functions on the two dendrimer molecules, linked through

DNA [49]. The DNA-linked dendrimer platform would allow the combinatorial
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synthesis of conjugates containing multiple functions for tumor analysis such as

imaging, drug delivery, and cancer cell killing.

16.2

Methods

16.2.1

Synthesis and Characterization of PAMAM Dendrimers

PAMAM dendrimers are commercially available and are synthesized from an eth-

ylene diamine (EDA) or NH3 initiator core, with exhaustive Michael addition of

methyl acrylate (MA) followed by condensation (amidation) reactions of the re-

sulting ester with large excesses of EDA [4, 7, 8]. Repetition of this reaction se-

quence results in the production of each successive generation (G), resulting in

greater molecular weight, size, and functionality (Figure 16.5). Branching occurs

at the terminal amine, as two methyl acrylate monomers will be added to each

amine. Consequently, each generation of growth doubles the number of termini

and approximately doubles the molecular weight, with an increase of about 1 nm

in diameter for each added generation.

Dendrimers can be synthesized either through a ‘‘divergent’’ method that al-

lows the growth of the molecule from a central core to its periphery, or through

the opposite ‘‘convergent’’ strategy, which begins at the periphery and is directed

toward the central core [50–52]. One disadvantage of the divergent synthetic strat-

egy is that, as the end groups branch out in large numbers, there can be struc-

tural defects because of an incomplete reaction or the failure of surface groups

to form on all the branches. In the convergent synthesis, although the low num-

ber of possible side reactions and controlled number of reactive groups allow the

synthesis of dendrimers with a higher degree of control, it suffers from steric

crowding while anchoring to the central core, especially during the synthesis of

higher-generation dendrimers [4].

Dendrimers are characterized by standard polymer characterization techniques

such as potentiometric titration, ultraviolet-visible spectroscopy, light scattering,

size-exclusion chromatography (SEC), nuclear magnetic resonance (NMR),

Fig. 16.4 Computer-generated model of two G5-dendrimer molecules linked through a DNA.
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reverse phase-high-pressure liquid chromatography (RP-HPLC), and matrix-

assisted, laser desorption ionization-time of flight (MALDI-TOF) mass spec-

trometry [4, 20, 53]. Due to the regularity of the dendritic structure, NMR (in

particular, heteronuclei and 13C) can provide a good deal of information on den-

drimer structure. In lower generations, the NMR can reveal any structural defects

by showing a multiplicity of peaks. The SEC provides data about molecular

weight distribution of dendrimers, whilst with MALDI-TOF it is possible to deter-

mine the molecular weight of higher generations. Dendrimers show generation-

dependent conformational changes, adopting a globular shape at higher genera-

Fig. 16.5 The ‘‘divergent’’ approach for the

synthesis of different generations of PAMAM

dendrimer. The four branching points of the

ethylenediamine core are allowed to react

with methacrylate, followed by further

amidation with the ethylenediamine to form

initially the generation 0 (G0). This iterative

reaction cycle is repeated to generate further

generations (G1–G9). As shown, the G1 and

G2 have eight and 16 functional surface

amino groups with molecular weights of 1430

and 3256, respectively. The number of surface

amino groups and molecular weights

approximately doubles with each higher

generation. Because of the controlled

synthesis and the well-defined structure of

the PAMAM dendrimer, the number of amino

groups, molecular weight, etc. can be

calculated mathematically. However, there

can be minor ‘‘defects’’ in the branching

formation during the synthetic procedure

which can be determined experimentally (see

text for details).
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tions. The globular structure gives rise to significantly different solution and bulk

properties to dendrimers when compared with their linear analogues, in partic-

ular the viscosity and solubility [12].

16.2.2

PAMAM Dendrimer: Determination of Physical Parameters

The theoretical molecular weight (MW), number of terminal groups, etc., can be

computed for each generation of dendrimers [54]. This is crucial in determining

the defects in branch formation, obtained through comparison of the theoretical

and experimentally determined MW. Differences in theoretical and experimental

MW for each generation can be attributed to intramolecular coupling (loop for-

mation), bridging, incomplete Michael addition, retro-Michael reactions, and

side reactions due to incomplete removal of EDA during the synthesis of

each generation. The theoretical MW, degree of polymerization, number of termi-

nal amino groups, etc., can be determined using the following equations:

MW ¼ MWcore þ (MW of monomers) Fc
Fgþ1
r � 1

Fr � 1

 !
; degree of polymerization

¼ Fc
Fgþ1
r � 1

Fr � 1

 !
; number of terminal groups: Z ¼ FcF

g
r ; number of tertiary

amines ¼ Tc þ Fc
2g � 1

2� 1

� �
(where g is the generation number, Fc the number of

functional groups on the core, Fr the multiplicity of the repeating unit MW of

monomers, and Tc the number of tertiary amines of the core).

16.2.3

Quantification of Fluorescence of Targeted PAMAM Conjugates

The cellular uptake of a dendrimer–dye conjugate is determined in vitro and in
vivo by various fluorescence detection techniques, such as flow cytometry, con-

focal microscopy and two-photon optical fiber fluorescence (TPOFF) [54]. Flow

cytometry is a powerful tool for determining cellular binding of the conjugate,

whilst confocal microscopy shows evidence of tissular, cellular and subcellular

localization [55]. Unfortunately, both methods are limited by requiring tissue

processing, such as cell isolation or the preparation of cryosections. Also, neither

method can provide actual concentrations of the fluorescent material in the cell,

and real-time measurements are not possible.

The TPOFF method directly quantifies fluorescence in vitro in a cell pellet or in

a tissue such as the tumor in anesthetized mice by inserting an optical fiber into

the tissue through a 27-gauge needle. By knowing the TPOFF counts of the stan-

dard dendrimer–dye conjugate, one can quantify the tissue concentration of the

conjugate. Moreover, the TPOFF technique can be used to measure the fluores-

cence of a small focal volume (microns) of the tissue, and multiple dyes with dif-

ferent emission wavelengths can be measured simultaneously [55].
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16.3

Outlook

The PAMAM dendrimers can be synthesized on a large scale under good manu-

facturing practice (GMP) guidelines, and are biocompatible macromolecules

which can be used as suitable carriers of molecules for delivery into tumor cells,

both in vitro and in vivo. Multiple molecules such as tumor-specific targeting

agents, chemotherapeutic drugs, and apoptosis-detecting agents can be covalently

conjugated onto the dendrimer’s surface. Subsequently, the ‘‘smart’’, engineered

multifunctional dendrimer nanodevice can mimic a biological molecule and per-

form multiple biological tasks, such as binding to a cancer cell, releasing a drug

to induce apoptosis of the cancer cell, and measuring the extent of cell death. A

‘‘cluster’’ dendrimer may also serve as a useful and versatile nanodevice with sep-

arate functions on separate dendrimer molecule, which are linked together

through DNA or other linkers. The results of recent in-vitro and in-vivo studies

conducted in the authors’ laboratory [14, 16, 17, 19–21, 42, 43] have demon-

strated the applicability of the PAMAM dendrimer as a powerful tumor-targeting

platform. Using mice tumor models, these studies have shown unequivocally that

PAMAM dendrimer-based targeting can achieve increased drug efficacy with sig-

nificantly less toxicity compared to using the free drug. These results also suggest

the possible application of PAMAM-based targeting for a broader range of can-

cers and other diseases for which current treatment is limited due to the nonspe-

cific toxicity of drugs in cells other than the desired target.
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17

Nanoparticle Contrast Agents for Molecular

Magnetic Resonance Imaging

Young-wook Jun, Jae-Hyun Lee, and Jinwoo Cheon

17.1

Introduction

The inner depths of the human body have long been an unexplored ‘‘dark world’’,

as visible light is unable to penetrate the tissues. Although observation of the

body cavity is possible by the use of surgical procedures, it would be preferable

to observe the inner spaces of the body by noninvasive means. The relatively

recent developments of imaging techniques such as computed tomography (CT),

near-infra-red (IR) fluorescence imaging, positron emission spectroscopy (PET),

and magnetic resonance imaging (MRI) have made such exploration possible,

and has enabled mankind to make major advances in the field of biomedical

diagnosis and therapy.

As most biological processes and diseases are related to molecular and cellular

events, the precise observation of these detailed biological processes is important

[1, 2]. However, classical imaging techniques are generally unsatisfactory for such

‘‘molecular imaging’’ applications, and the development of high-performance

imaging systems capable of identifying detailed biological processes at the molec-

ular and subcellular levels is important.

Inorganic nanoparticles (NPs) as probes have the potential to revolutionize con-

ventional imaging systems [3, 4], and the enhanced optical and magnetic proper-

ties of inorganic NPs arising from nanoscale quantum properties have afforded

major enhancements in imaging sensitivity and resolution [9–11]. The small

size of NPs, comparable to that of biological functional units (e.g., proteins),

makes them ideally suited to observing and tracking molecular events [12]. Today,

as a variety of molecular markers for specific biological events are available

through rapid advances in molecular biology, the conjugation of inorganic NP

probes with bioactive molecules permits the tracking of molecular events [5–8].

Whilst in the past, both quantum dots and magnetic NPs have served as NP

molecular imaging agents for fluorescent optical imaging and for molecular

MRI, respectively. this chapter will focus on magnetic NP-based molecular MR

imaging.
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17.2

NP-Assisted MRI

Currently, MRI is one of the most powerful medical diagnostic tools available,

due mainly to its noninvasive nature and multi-dimensional tomographic capabil-

ities, coupled with high spatial resolution [13]. Although in terms of sensitivity

MRI lags behind other tools [2], any such weakness can be significantly improved

by using magnetic NP contrast agents [10, 11]. Under an applied magnetic field,

NPs are magnetized and generate an induced magnetic field, which perturbs the

magnetic relaxation processes of the protons in the water molecules surrounding

the magnetic NP. In turn, this leads to a shortening of the spin-spin relaxation

time (T2) of the proton, and a consequent darkening of the MR images (Figure

17.1).

According to the outer sphere spin-spin relaxation formula of solvent protons

by solute magnetic particles, the spin-spin relaxation time (T2) of the proton is

Fig. 17.1 MR contrast effects of magnetic NPs. Under an applied

magnetic field (M), magnetic NPs are magnetized and generate an

induced magnetic field (dM), which perturbs the magnetic relaxation

processes of the proton in water molecules, which is reflected as dark

MR contrast. Axially sliced MR images of (A) water and (B) magnetic

NP solution in microcentrifuge tubes. The circular spots in the MR

images arise from the wall of microcentrifuge tubes.
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1

T2
¼ 32pNA½M�

405000rD

� �
gI

2m2f6:5j2ðos; tÞ þ 1:5j1ðoI; tÞ þ j1ð0; tÞg;

where, gI is the gyromagnetic ratio of protons in water, M is the molarity of mag-

netic NPs, r is their radius, NA is Avogadro’s number, m is the magnetic moment

of the NP, os and oI are the respective Larmor angular precession frequencies of

the solute electronic and water proton magnetic moments, the functions jnðo; tÞ
are spectral density functions, and t ð¼ r2=DÞ is the time scale of fluctuations in

the particle-water proton magnetic dipolar interaction arising from the relative

diffusive motion (D) of a particle and water molecules [14]. Therefore, the short-

ening of T2 is achieved by increasing the magnetic moment of the NPs. Recently,

Cheon, Suh, and co-workers demonstrated such magnetic moment effects on T2

by elucidating the correlated nanoscale effects of iron oxide NPs between size,

magnetism, and T2 relaxivity [15]. The transmission electron microscopy (TEM)

images of highly monodispersed iron oxide NPs of size 4, 6, 9, and 12 nm, re-

spectively, are shown in Figure 17.2a. These magnetic NPs exhibit size-dependent

magnetic moments and, as the NP size is increased from 4 to 6, 9, and to 12 nm,

the mass magnetization value at 1.5 T changes from 25 to 43, 80, and 102 emu

(g�1 Fe) (Figure 17.2e). Such a trend is clearly reflected in the T2-weighted MR

images. The 1/T2 relaxivity gradually increases from 56 to 106, 130, and to

190 L mol�1 s�1, which is imaged by the gradual change of the MR contrast

from white to black through gray (Figure 17.2).

Such effect of magnetic NPs on MR contrast provides them with an ability

to identify a variety of biological events. For example, magnetic NPs larger than

30 nm have been used for phagocytosis imaging [16, 17]. Magnetic NPs taken

up by phagocytes are imaged as dark contrast, but tumor cells without phagocytic

ability appear as white contrast, and liver metastases [18, 19], spleen [18] and

lymph nodes [20] have been detected in this way.

In contrast, smaller NPs (e.g., 10 nm) are able to escape from phagocytes,

such that magnetic NPs, upon conjugation with a target-specific biomolecule,

can be used to detect target tissues through molecular interactions between NP–

biomolecule conjugates and molecular markers expressed by target tissues [21,

22]. A variety of clinically benign iron oxide-based magnetic NPs [e.g., superpara-

magnetic iron oxide (SPIO)] have been investigated, and the imaging of infarc-

tion [23–25], angiogenesis [26], apoptosis [27], gene expression [28, 29], and can-

cer [15, 30–33] have been reported. Unfortunately however, the MR signal

sensitivity and the specificity of NP probes to target tissues remain unsatisfactory

for clinical applications, and further efforts are required for their improvement.

Recently developed biocompatible magnetic NPs and their use in molecular MR

imaging are briefly reviewed in the following sections.

17.2.1

Magnetic NP Contrast Agents

In order to be used successfully as molecular MR contrast agents, magnetic NP

must possess the following properties:
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� a uniform and high superparamagnetic moment;
� a high colloidal stability under physiological conditions (e.g.,

high salt concentration and pH changes);
� the ability to escape from the reticuloendothelial system

(RES);
� low toxicity and high biocompatibility; and

Fig. 17.2 Nanoscale-size effects of iron oxide

NPs on magnetism and induced magnetic

resonance (MR) signals. (A) TEM images of

Fe3O4 nanocrystals of 4 to 6, 9, and 12 nm.

(B) Size-dependent T2-weighted MR images

of iron oxide NPs in aqueous solution at 1.5

Tesla. (C) Size-dependent changes from red

to blue in color-coded MR images based on

T2 values. (D) Graph of 1/T2 relaxivity value

versus iron oxide NP size. (E) Magnetization

of iron oxide NPs measured by a SQUID

magnetometer. (Reproduced with permission,

from Ref. [15].)
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� a functionality to be linked to biologically active species (e.g.,

nucleic acid, proteins).

As these properties are largely related to the size, stoichiometry and surface struc-

tures of the NPs, various types of iron oxide NPs have been developed for these

purposes.

17.2.1.1 Silica- or Dextran-Coated Iron Oxide Contrast Agents

For conventional MR contrast agents, iron oxide NPs are synthesized by the pre-

cipitation of iron oxide in an aqueous solution containing ferrous salt by adding

an alkaline solution [34]. These iron oxide NPs are usually insoluble as prepared,

and consequently they must be coated to render them soluble in aqueous media.

Early attempts to achieve such water solubility involved the use of silica as a coat-

ing material [35]. The size of the core magnetic iron oxide can range from 4 to 10

nm, and the total particle size from 10 nm to 1 mm, including the coating materi-

als. As these NPs have a broad size distribution, further size-sorting procedures

(including differential centrifugation and dialysis) are required. One such silica-

coated iron oxide contrast agent is AMI-121 (generic name Ferumoxsil), and this

is commercially available as Lumirem2 (Guerbet) and Gastromark2 (Advance

Magnetics). The core, which is composed of polycrystalline iron oxide, is ap-

proximately @10 nm in size, and the hydrodynamic size is approximately

@300 nm. This agent is delivered orally and used for MR imaging of the abdo-

men [36].

Although silica-coated iron oxide NPs are reasonably stable in aqueous media,

they tend to aggregate in blood and therefore cannot be injected into the blood-

stream. In order to enhance the colloidal stability of iron oxide NPs, another

type of coating agent – dextran or carbodextran – has been utilized [37]. Dextran

possesses high colloidal stability under harsh physiological conditions, and hence

dextran-coated iron oxide NPs should be very stable. Dextran-coated iron oxide

NPs are prepared by co-precipitation from aqueous solution containing ferrous

salt and dextran by adding an alkaline solution [34]. Currently, three representa-

tive dextran-coated iron oxide NPs are available, namely AMI-25 (Feridex2; Berlex

Laboratories and Endorem2; Guerbet), SHU 555A (Resovist2; Schering), and

AMI-227 (Combidex2; Advanced Magnetics and Sinerem2; Guerbet) (see Table

17.1).
� AMI-25 is composed of 5–6 nm iron oxide core and dextran-

coating materials; the total size ranges from 80 to 150 nm,

with a T2 relaxivity of@98.3 L mmol�1 s�1 [38].
� SHU 555A has a@4.2 nm iron oxide core coated with

carbodextran, and a total size of@62 nm; Resovist has a

higher T2 relaxivity value of 151.0 L mmol�1 s�1 [39], and

has no known adverse side effects after rapid intravenous

injection [40]. These magnetic contrast agents are generally

trapped and accumulated by the reticuloendothelial cells in

the liver, with a short blood half-life of less than 10 min;

thus, they are used for liver imaging [17].
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� Compared to these two iron oxide contrast agents, AMI-227

has a similar iron oxide core size (4–6 nm) but a smaller

overall size of 20–40 nm. Although AMI-227 has lower T2

contrast effects (T2 relaxivity of@53 L mmol�1 s�1), its smaller

size provides a much higher blood half-life of@24 h, which

enables MR angiography and lymph node detection [41].

Smaller dextran-coated iron oxide NPs, including monocrystalline iron oxide

(MION) and its derivative, cross-linked iron oxide (CLIO), are composed of a

@2.8 nm core iron oxide and dextran shell with a total size of 10–30 nm [42–

44]. Since these NPs are relatively small in size and have long blood half-lives

and their surface can be readily linked with biologically active molecules, conse-

quently they are valuable for in-vivo molecular MR imaging of biological targets

[42] (see Section 17.2.1).

Table 17.1 Currently available silica- or dextran-coated iron oxide contrast agents.

ParameterAgent

(Tradename)

[Reference] Iron oxide

core size

[nm]

Total

size

[nm]

Coating

material

Magnetization

at 1.5 T

[emu gC1]

T2 relaxivity

[L molC1 sC1]

Half-life

in blood

AMI-121a

(Lumirem;

Gastromark)

[36]

@10 @300 Silica NA 72 <5 min

AMI-25a

(Feridex;

Endorem)

[38]

5@6 80@150 Dextran 78 98 @6 min

SHU 555Aa

(Resovist)

[39]

@4.2 @62 Carbo-

dextran

NA 151 3 min

AMI-227a

(Combidex;

Sinerem)

[41]

4@6 20@40 Dextran 69.8 53 >24 h

MION;

CLIO

[42–44]

@2.8 10@30 Dextran 60@68 @69 @10 h

aCommercially available.
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17.2.1.2 Magnetoferritin

Ferritin is a well-known iron storage protein used to sequester and store iron

in the body, and is composed of a @6 nm hydrated iron oxide, a ferrihydrite

(5Fe2O3�9H2O) core, and a polypeptide apoferritin shell [45]. Ferritin has been

used as an efficient synthesizer for other magnetic materials [46–48]. For exam-

ple, magnetically less useful ferrihydrite can be replaced by iron sulfide or mag-

netite NPs (Figure 17.3) [46]. Magnetoferritin has also been used as a contrast

agent for MR imaging, and possesses a reasonably high T2 relaxation value of

157 L mmol�1 s�1 [49]. Although magnetoferritin is expected to have high bio-

compatibility and colloidal stability in the blood (considering that it mimics natu-

rally occurring ferritin), the results obtained have been contradictory. In vivo, the
magnetoferritin particles are cleared rapidly from the blood (half-life < 10 min)

by the reticuloendothelial system in the liver, spleen, and lymph nodes [49].

Thus, magnetoferritins are suitable only for liver, spleen, and lymph node detec-

tion rather than for molecular imaging.

17.2.1.3 Magnetodendrimers and Magnetoliposomes

The unique pore structures and multiple functional end-groups of dendrimers

make them useful as host materials in drug and gene delivery. Similarly, den-

drimers can efficiently deliver magnetic NPs to cells. Bulte, Frank, and co-workers

have demonstrated the use of carboxy-terminated dendrimer (G ¼ 4.5) -coated

iron oxide contrast agents [50, 51]. Typically, magnetodendrimers are synthesized

via pH-controlled reaction of a ferrous salt and a trimethylamine oxide oxidant

in a methanol/water mixture containing polyamidoamine dendrimers (Figure

17.4a). The core size of the magnetodendrimers produced is 7–8 nm, and they

tend to aggregate to oligomers with a size of 20–30 nm (Figure 17.4b). Magneto-

dendrimers show enhanced magnetic properties (saturation magnetism @94

emu g�1 Fe) and a high T2 relaxivity of 200 to 406 L mmol�1 s�1 [50], compared

to those of dextran-coated MION. As dendrimers can be efficiently transfected to

cells without the need for a transfection agent, these magnetodendrimers can be

used as labelers for cellular MR imaging and trafficking [50].

Similarly, liposomes which are also widely used for drug and gene delivery can

serve as good coating materials to solubilize iron oxide NPs. Liposomes have a

Fig. 17.3 Synthetic scheme of magnetoferritin. Removal of ferrihydrite

from native ferritin produces apoferritin, and subsequent formation of

magnetite NPs inside apoferritin results in the formation of

magnetoferritin. (Reproduced with permission, from Ref. [46].)
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bilayer assembly of surfactant molecules with a hydrophlic head and a hydropho-

bic tail. As shown in Figure 17.4c, the hydrophilic ends of the inner layer surfac-

tants encapsulate the iron oxide NPs, and the hydrophilic heads of the outer layer

surfactant make them soluble in water. Bulte, Frank, and co-workers have re-

ported that such magnetoliposomes can be used as bone marrow MR contrast

agents [52]. The iron oxide core size of the magnetoliposomes is @16 nm and

the entire size is@40 nm (Figure 17.4d) with a T2 relaxivity of@240 L mmol�1 s�1.

17.2.1.4 Non-Hydrolytically Synthesized High-Quality Iron Oxide NPs:

A New Type of Contrast Agent

With the exception of MION and CLIO, previously developed iron oxide MR

contrast agents undergo rapid uptake by the RES, and thus are effective for

liver, spleen, and lymph node detection. On the other hand, difficulties have

been encountered when these agents are used for molecular MR imaging [16–

20]. In order for molecular imaging to be successful, it is necessary to have

magnetic NP systems which exhibit excellent magnetic properties, are able to es-

cape from the RES, and possess an active functionality that can be linked with

biologically active molecules [10]. As the magnetic properties of NPs depend

Fig. 17.4 Schematics and TEM images of (A,B) magnetodendrimers

and (C,D) magnetoliposomes. (Reproduced with permission, from

Refs. [51, 52].)
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heavily on the material’s properties – such as size, shape, stoichiometry, and

crystallinity [15, 53, 54] – it is critical that such properties can be optimized. Un-

fortunately, conventional water-phase protocols – which have been widely used for

superparamagnetic iron oxide (SPIO) contrast agents – generally lack precise

size-controllability and monodispersity, and provide relatively poor crystallinity

and wide stoichiometric composition [34]. In contrast, non-hydrolytic, high-tem-

perature growth methods allow one to achieve size-controllability, and to produce

high single crystallinity and good stoichiometry [15, 54, 56, 57]. For example, the

NP size can easily be controlled from 4 nm to@20 nm with a very narrow size

distribution (s < 8%) by varying the growth conditions [15, 54]. One difficulty

that must be overcome prior to the use of these NPs as MR contrast agents is to

achieve water-solubility, as non-hydrolytically synthesized iron oxide NPs are sol-

uble only in organic media. Various surface-modification methods have been de-

veloped, including bifunctional ligand [15, 33, 58], micellular [59, 60], polymer

[61–63], and siloxane-linking procedures [64, 65]. For example, non-hydrolytically

synthesized NPs can be transferred to aqueous media by overcoating the NPs

with polyethylene glycol-(PEG)-ylated phospholipid micelles. Such a micellular

coating strategy has been demonstrated in the case of quantum dots [66], and

Bao and co-workers have successfully extended this strategy to produce water-

soluble iron oxide NPs (Figure 17.5a) [60]. The PEGylated NPs can be further

linked to cellular transfection Tat peptides and used for MR cellular labeling [60].

Bawendi and co-workers have proposed another approach to transfer iron oxide

NPs from organic to aqueous media by coating them with polymeric phosphine

oxide ligands [67] that bind tightly to the iron oxide NP surface through multi-

dendate bondings (Figure 17.5b,c).

It is well known that the siloxane linkage to a metal oxide surface is efficient

and strong, and Zhang and colleagues have successfully applied this strategy for

the synthesis of water-soluble iron oxide NPs [68]. Refluxing toluene solution

containing triethoxysilyl-terminated PEG ligands and non-hydrolytically synthe-

sized iron oxide NPs provides iron oxide NPs with high colloidal stability in aque-

ous media (Figure 17.5d).

The major advantage of these non-hydrolytic-synthesized iron oxide NPs, as

mentioned above, is the precise size control with high monodispersity. Cheon,

Suh, and colleagues have demonstrated such advantages for the synthesis of iron

oxide MR contrast agents [15, 33, 58]. As shown in TEM images (Figure 17.6a),

the NPs obtained are @9 nm, with a narrow size distribution (s < 8%). High-

resolution TEM and X-ray analyses have shown the NPs to be single crystalline

stoichiometric Fe3O4. Water-soluble iron oxide (WSIO) NPs are then obtained by

introducing the 2,3-dimercaptosuccinic acid (DMSA) ligand onto the NP surface.

This ligand endows the particles with high water-phase stability through: (i) car-

boxylate chelate bonding to iron; and (ii) disulfide cross-linkages between the

ligands (Figure 17.6b) [15]. Furthermore, the remaining free thiol group of the

ligand can be used for the attachment of target-specific biomolecules. The

Fe3O4 nanocrystals obtained with the DMSA ligand are fairly stable in water
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(Figure 17.6c) and phosphate-buffered saline (PBS) up to a NaCl concentration of

250 mM, without aggregation. These NPs are used as MR probes, upon conjuga-

tion with cancer-targeting antibodies, not only for the in-vitro detection of cancer

cells but also for in-vivo imaging of cancer implanted in mice [15, 33] (see

Section 17.2.2.5).

Fig. 17.5 (A) Synthetic scheme of

polyethylene glycol (PEG)-ylated iron oxide

NPs. (Reproduced with permission, from Ref.

[60].) (B) Multi-dentate phosphine oxide

ligand approach for the synthesis of iron

oxide NPs. The phosphine oxide functional

groups bind to the surface of iron oxide, and

exposed PEG groups make them water-

soluble. (C) Iron oxide NPs dissolved in

water. (Reproduced with permission, from

Ref. [67].) (D) Siloxane-polyethylene glycol

(PEG)-coated iron oxide NPs. Silanization of

the terminal ethoxysilane group of the PEG

ligand on top of iron oxide NPs induces the

formation of PEG-coated iron oxide NPs.

(Reproduced with permission, from Ref. [68].)
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17.2.2

Iron Oxide NPs in Molecular MR Imaging

When iron oxide NPs are conjugated with biologically active materials (e.g., anti-

bodies), the resulting iron oxide–biomolecule conjugates possess dual functional-

ities of both the MR contrast enhancers and the molecular recognition capability.

These conjugates act as molecular imaging probes which can efficiently report on

various molecular/biological events occurring in region-of-interest targets (Figure

17.7). Molecular MR studies utilizing such iron oxide–biomolecule conjugates

include the imaging of inflammation [69, 70], infarction [23–25], angiogenesis

Fig. 17.6 (A) TEM image of@9 nm Fe3O4 NPs.

(B) Schematic of 2,3-dimercaptosuccinic

acid (DMSA)-coated iron oxide NPs. The

carboxylic ends of DMSA bind to the surface

iron oxide NPs, and are further stabilized

through interligand disulfide cross-linkages.

Remaining free thiol can be used for further

conjugation for biomolecules such as

antibodies. (C) Solubility test of as-

synthesized and DMSA-coated iron oxide

NPs. (Reproduced with permission, from Ref.

[15].) WSIO ¼ water-soluble iron oxide.
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[26], apoptosis [27], gene expression [28, 29], b-amyloid plaques [71], and cancer

[15, 30–33].

17.2.2.1 Infarction and Inflammation

For the imaging of infarctions and inflammations, MION NPs are conjugated

with specific antibodies through electrostatic interactions, or via covalent linkages

by the reaction of potassium periodate-activated surface hydroxyl groups with ly-

sine residues of the antibodies. For example, R11D10 antimyosin Fab was conju-

gated electrostatically to hydroxyl groups on the MION surfaces for cardiac infarct

imaging [24]. As infarcted cardiac cells possess increased membrane porosity

compared with normal cells, iron oxide–antimyosin Fab conjugates can efficiently

be transported into damaged cells and recognize myosin. Figure 17.8a,b shows

T2-weighted MR images of a mouse with a cardiac infarction after the injection of

MION-R11D10 antimyosin Fab conjugates. The infarcted region is clearly observed

as dark MR images, but no contrast effect was seen when unconjugated MIONs

were administered. Such a targeting effect of MION-R11D10 antimyosin Fab con-

jugates was evaluated through ex-vivo immunohistological analyses using Prus-

sian blue staining. Weissleder and co-workers further extended this strategy for

the detection of inflammation by conjugating MIONs with polyclonal human im-

munoglobulin G. MION–IgG conjugates consistently detected the area of inflam-

mation in T2-weighted spin-echo MR images (Figure 17.8c,d), and this was fur-

ther confirmed histologically by using Prussian blue staining [69].

Fig. 17.7 Nanoparticle-assisted molecular MR imaging of biological systems.
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17.2.2.2 Angiogenesis

Angiogenesis is the fundamental growth process of new blood vessels for devel-

opment, reproduction, and wound repair. This process is also related to the pro-

gression of tumor growth. Therefore, the development of anti-angiogenic agents

might represent a potential pathway to efficient cancer treatment. The imaging of

angiogenesis is also related to cancer diagnosis and the evaluation of anti-cancer

agents. Several molecular markers are involved in angiogenesis, including vascu-

lar endothelial growth factor (VEGF), fibroblast growth factors (FGF), platelet-

derived endothelial cell growth factor (PD-EDGF), Tie-2 receptor, integrin, and

E-selectin [72]. Among the various angiogenesis markers, VEGF, Tie 2 receptor,

integrin, and E-selectin have been extensively studied [73–75]. Bogdanov and col-

Fig. 17.8 MR detection of (A,B) cardiac infarction and (C,D)

inflammation in a mouse. Following the intravenous injection of iron

oxide-antimyosin antibody, a dark MR contrast is observed in the

infarcted area. Similarly, inflammation is not imaged in the control

mouse, but the inflammation site is clearly shown as dark contrast.

(From Ref. [24] & [69], with permission)
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leagues reported that E-selectin expression in human endothelial cells can be im-

aged by using a CLIO–monoclonal anti-human E-selectin antibody conjugate MR

contrast agent [26]. When only CLIO–antibody conjugates are applied to endothe-

lial cells with a low E-selectin expression level, the MR contrast effect is hardly

observed (Figure 17.9a). In contrast, when interleukin-1b (which stimulates the

expression of E-selectin) is applied to the cells and the NP–antibody is adminis-

tered, a significant MR contrast effect is apparent (Figure 17.9b).

17.2.2.3 Apoptosis

Apoptosis is an active process for the programmed self-destruction of cells. Dur-

ing the early stages of apoptosis, there is a redistribution of phosphatidylserine in

the cell membrane, and the detection of such processes can serve as indicators of

apoptosis. Representative binding proteins to phosphatidylserine include annexin

V and synaptotagmin I. Although the imaging of apoptosis using these antibodies

has been carried out previously using radio-isotopic techniques [76], the spatial

resolution is only@1–3 mm and further improvement is needed. Brindle and col-

Fig. 17.9 In-vitro MR detection of E-selectin stimulated by interleukin-1b

(IL-1b). (A) Without IL-1b, a white MR image is obtained from human

umbilical vein endothelial cells (HUVEC) treated only with CLIO-anti

E-selectin antibody. (B) In contrast, after sequential dosing of IL-1b and

CLIO-anti E-selectin to HUVEC, E-selectin expression is clearly imaged

as a dark MR region. (Reproduced with permission, from Ref. [26].)
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leagues have shown that conjugates of the SPIO and C2 domain of synaptotag-

min I (C2-SPIO) can detect apoptotic cells through MRI with@0.1 mm resolution

(Figure 17.10a) [27]. Whilst there are no MR signals for nonspecific SPIO (BSA-

SPIO) (Figure 17.10b(3)), SPIO-only treated apoptotic cells (Figure 17.10b(4)), and

C2-SPIO-treated normal cells (Figure 17.10b(5)), C2-SPIO-treated apoptotic cells

(Figure 17.10b(2)) clearly show dark MR contrast with a significant change in T2

values (DT2 ¼@90%). Further extension of this strategy to an in-vivo animal study

was also successful. When C2-SPIO was injected intravenously into drug-treated,

tumor-bearing mice, the NP conjugates were able to detect apoptotic regions with

a significant MR signal change (Figure 17.10c,d).

17.2.2.4 Gene Expression

Gene expression is an emerging field in the biomedical sciences, and the imaging

of such processes is very important. Although several approaches to detect in-vivo
gene expression have been performed through optical [77, 78] and radioisotopic

imaging techniques [79], a number of limitations have been apparent, including

the low-penetration depth of light for optical imaging and the poor spatial resolu-

tion of radioisotopic imaging. Weissleder and colleagues showed that the MR

detection of transgene expression of engineered transferrin receptor (ETR) in tu-

mors was possible by using MION-transferrin (MION-Tf ) contrast agents (Figure

17.11a) [29]. When MION-Tf is applied to cells with various ETR expression

levels, a gradual decrease in T2 was observed as the ETR expression levels of cells

Fig. 17.10 (A) MR Imaging of apoptosis using SPIO-C2 domain of

synaptotagmin I. (B) T2-weighted MR images of: (B, 1) water; (B, 2)

SPIO-C2 conjugate treated apoptotic cells; (B, 3) SPIO-BSA control

conjugate treated apoptotic cells; (B, 4) SPIO-only treated apoptotic

cells; and (B, 5) SPIO-C2 conjugate-treated normal cells. In-vivo MR

images of tumors implanted in a mouse before (C) and after (D) drug

treatment. (Reproduced with permission, from Ref. [27].)
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Fig. 17.11 In-vivo and ex-vivo imaging of engineered transferrin receptor

(ETR) expression in tumors. (A) Schematic of MR imaging; (B–D)

in-vivo imaging of ETR(þ) and ETR(�) tumor-implanted mouse before

(B) and after (C,D) the injection of MION-transferrin. The ETR(þ)

tumor is color-coded based on T2 (D). Ex-vivo imaging of excised

ETR(þ) and ETR(�) tumors (E) and their color maps based on T2 (F).

(Reproduced with permission, from Ref. [29].)
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was increased due to proportional binding of MION-Tf conjugates to the ex-

pressed ETR. These authors also determined whether ETR expression could be

detected in vivo in live mice with ETR-positive and ETR-negative tumors. The re-

sults showed that the MR contrast effect was observed only for ETR-positive tu-

mors (Figure 17.11b–d). Ex-vivo MR imaging of excised tumors showed more

dramatic differences between the two tumors (Figure 17.11e,f ).

17.2.2.5 Cancer Imaging

The noninvasive detection of cancer in its early stages is of great interest, as it can

significantly increase the survival rate of patients. With conventional MRI tech-

niques, detectable size of cancer is approximately@1 cm3. However, if NP con-

trast agents can specifically recognize cancer cells through molecular interaction,

then selective enhancement of the MR signal of cancer cells might provide a means

of clearly distinguishing smaller sized cancer from normal tissues. Tiefenauer

and co-workers suggested that the detection of cancers might be possible through

such molecular recognition of SPIO-NP–antibody conjugates [32]. Conjugation

of poly(glutamic acid-lysine-tyrosine)-coated NPs with anti-carcinoembryonic

antigen (CEA) antibody is performed through a sulfo-MBS cross-linking method.

In the T2-weighted MR images, dark contrast is imaged in the CEA-expressed tu-

mors, but the contrast difference was not highly pronounced (Figure 17.12a,b).

Artemov and colleagues then used another approach to detect cancer cells [31].

As avidin–biotin interaction is known to be very strong, avidin-conjugated SPIO

can efficiently detect biotinylated cancer-specific antibodies which bind to the can-

cer cells (Figure 17.12c). The in-vitro fluorescence-assisted cell-sorting analyses

and MR imaging conducted by these authors confirmed cancer detection (Figure

17.12d). Here, Au-565 cells with a high expression of HER2/neu cancer markers

were imaged as dark MR contrast, whereas no contrast effect was obtained from

MDA-MB-231 cells with low HER2/neu expression.

Recently, Cheon, Suh, and co-workers showed that highly sensitive cancer tar-

geting could be achieved by using high-quality, small-sized water-soluble iron ox-

ide (WSIO) NP–antibody conjugates [33]. The WSIO NPs have a high magnetic

momentum (@100 emu g�1 Fe) and small hydrodynamic size (@9 nm) – factors

which are advantageous for both in-vitro and in-vivo cancer imaging. When these

NPs are conjugated with herceptin, they were able successfully to detect cancer

cells (SK-BR-3) as dark MR images (Figure 17.13b) through molecular interaction

between NP surface-bound herceptin and HER2/neu cancer markers, compared

to non-treated (Figure 17.13a) and WSIO-irrelevant conjugate-treated cells (Figure

17.13c). This MRI result was confirmed by an optical technique where vivid green

fluorescence from the fluorescein (FITC) was clearly observed only for FITC-

WSIO-herceptin probe conjugate-treated cells (Figure 17.13d,e). Furthermore,

WSIO NPs enabled the detection of various cell lines with different levels of

HER2/neu cancer marker expression: Bx-PC-3, MDA-MB-231, BT-474, and

NIH3T6.7 cell lines, which are arranged in the order of increasing HER2/neu
expression level. T2-weighted MR signals of the cell lines treated with WSIO-

herceptin probe conjugates become darker as the expression level of the HER2/
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neu receptors increased (Figure 17.13f ). It is noteworthy that the MR signal in-

tensities of the cell lines treated with WSIO-herceptin probe conjugates showed

a marked difference from that of control conjugates, indicating excellent specific

binding efficiency of the probe conjugates.

These magnetic probes have been extended to the in-vivo detection of cancer

cells implanted in mice [33]. When these WSIO-herceptin conjugates are injected

intravenously in mice, they successfully reach and recognize HER2/neu receptors

overexpressed from cancer cells, and this results in a significant MR contrast ef-

fect in the tumor sites, with a@20% decrease in T2 value compared to the control

experiments (Figure 17.14a–c). In high-resolution MR images of WSIO-herceptin

conjugate-treated mice measured at 9.4 T MRI, a dark MR image initially ap-

peared near the bottom region of the tumor and then gradually grew and spread

to the central and upper regions of the tumor as time elapsed (Figure 17.14d).

This time-dependent MR signal change was useful to reveal the heterogeneous

pattern of the intratumoral vasculature, where the lower side of the tumor had

well-developed vascular structures.

Fig. 17.12 (A,B) MR detection of

carcinoembryonic antigen (CEA)

overexpressed tumors by using iron oxide-

CEA antibody conjugates. MR images made

before (A) and after (B) injection of SPIO-

CEA antibody. (Reproduced with permission,

from Ref. [32].) (C,D) In-vitro MR detection of

HER2/neu overexpressed cancer cells by

using avidin-coated SPIO and biotinylated

herceptin. (C) Schematic and (D) MR images

of SPIO-avidin conjugate-treated cells (AU-

565, MDA-MB-231, MCF-7). (Reproduced

with permission, from Ref. [31].)
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Fig. 17.13 In-vitro cancer detection using

water-soluble iron oxide (WSIO)-herceptin

conjugates. MR images of: (A) non-treated;

(B) WSIO-herceptin-treated; (C) WSIO-

irrelevant antibody-treated breast cancer cells

(SK-BR-3). (D,E) Fluorescence images of (D)

FITC-WSIO-irrelevant antibody-treated and

(E) FITC-WSIO-herceptin-treated SK-BR-3 cell

lines. (F) MR images of WSIO-herceptin

conjugate-treated cell lines with increasing

expression levels of HER2/neu receptors:

Bx-PC-3, MDA-MB-231, BT-474, and

NIH3T6.7 cell lines. Control conjugates were

applied to Bx-PC-3 cell lines. (Reproduced

with permission, from Ref. [33].)
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17.3

Outlook

Although much progress has been made in the development of magnetic NP con-

trast agents for molecular MR imaging during the past few years, their successful

use is limited to in-vitro systems, except for a few in-vivo cases. Two main difficul-

ties lie in the poor MR contrast effects and limited stability and biocompatibility

under in-vivo conditions. The MR signal-enhancing effect of conventional iron

oxide-based NPs is unsatisfactory compared to other diagnostic tools such as

fluorescence and PET, and there is a clear need for improvement. Thus, it is

important to develop new types of magnetic NP contrast agents which can sig-

nificantly improve contrast effects. As NPs with higher magnetization values

provide stronger MR contrast effects, the development of novel NPs with superior

magnetism is the first prerequisite. Concurrently, as the MR contrast effects of

Fig. 17.14 In-vivo MRI of cancer targeting

events of WSIO-herceptin conjugates. Color

maps of T2-weighted MR images of cancer

cell-implanted (NIH3T6.7) mice at different

temporal points (pre-injection and 4 h) after

the intravenous injection of: (A) WSIO-

irrelevant antibody control conjugates; and

(B) WSIO-herceptin probe conjugates. (C)

Plot of T2 values versus time after injection

of WSIO-antibody conjugates in (A) and (B)

samples. (D) T2*-weighted MR images of

cancer cell-implanted (NIH3T6.7) mouse at

9.4 Tesla and their color maps at different

temporal points after probe conjugate

injection. A dark MR image initially appears

near the bottom region of the tumor and

then gradually grows and spreads to the

central and upper regions of the tumor as

time elapses (red circles).
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NPs are strongly correlated to the materials’ characteristics in terms of their size,

shape, composition, single crystallinity, and magnetism, it is important to develop

a reasonable NP model system which can clearly describe the relationship be-

tween nanoscale materials characteristics and MR contrast effects (Figure 17.15a).

The next major step is to impart high colloidal stability and biocompatibility to

the magnetic NPs. Although a variety of coating materials has been developed for

such applications, it remains necessary to develop general and more reliable pro-

tocols for tailoring NP surfaces with desired coating materials. As a smaller over-

all size is advantageous for escaping the RES, the coating materials should be as

Fig. 17.15 NP-assisted molecular MR

imaging. (A) The modern molecular

chemistry approach enables the tailored

synthesis of high-quality magnetic NPs with

desired sizes and monodispersity. (B)

Subsequent evaluation and optimization of

the material’s properties, such as magnetism,

hydrodynamic size, and colloidal and

biostabilities, are important. (C) When these

NPs are conjugated to biomolecules, the

resulting NP-biomolecule conjugates possess

the capabilities of both MR contrast effects

and molecular recognition of target

biosystems. (D) This will enable molecular

MR imaging which can identify biological

events such as pinpointing cancer diagnosis,

cell migration, cell signaling, and genetic

developments, with high sensitivity and

specificity.
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small as possible whilst possessing high colloidal stability, without any aggrega-

tion under physiological conditions (Figure 17.15b).

The toxicity of magnetic NPs is also a vital issue that must be resolved in prior

to clinical utilization. Although iron oxide NPs have in the past been regarded as

clinically benign materials, the potential cytotoxicity arising from their size, shape,

and coating materials should be examined, along with systematic guidelines for

the nanotoxicity evaluation of newly developed NPs.

In time, when novel NPs with highly enhanced magnetism, small size, and

high colloidal and biostability have been developed, significant improvements in

MR detection sensitivity and target specificity are expected (Figure 17.15c,d), and

this will undoubtedly bring about major advances in cancer diagnosis and bio-

medical imaging. For example, the highly enhanced MR contrast of a biological

target through the molecular recognition of such NP contrast agents should

provide an in-vivo diagnosis of early-stage cancer, with submillimeter resolution.

In addition, many presently unrevealed biological processes – for example, in-vivo
pathways of cell evolution, cell differentiation, cell-to-cell interactions, and molec-

ular signaling pathways – will most likely be monitored with precision, at the mo-

lecular level, by using next-generation NP contrast agents.
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Micro- and Nanoscale Control of Cellular

Environment for Tissue Engineering

Ali Khademhosseini*, Yibo Ling*, Jeffrey M. Karp,

and Robert Langer

18.1

Overview

Tissue engineering is a potentially powerful approach for restoring organ func-

tionality and overcoming the shortage of transplantable organs. In tissue engi-

neering, the principles of engineering and life sciences are used to develop bio-

logical substitutes, typically composed of biological and synthetic components

that restore, maintain, or improve tissue function [1]. Although relatively simple

tissues such as cartilage and skin have already been successfully engineered,

many basic challenges persist in the engineering of more complex tissues. These

challenges – which include the generation of vascularized tissues and complex

geometries – can be traced to our limited abilities to control the cellular environ-

ment at micro- and nanoscale resolution. Cells in the body reside in an environ-

ment that is regulated by cell–cell, cell–extracellular matrix (ECM) and cell–

soluble factor interactions presented in a spatially and temporally dependent

manner (Figure 18.1). In order for tissue engineering to succeed, it is critical to

reproduce these in-vivo factors outside the body. In this chapter we analyze the

use of micro- and nanoscale engineering techniques for controlling and studying

cell–cell, cell–substrate and cell–soluble factor interactions, as well as for fabricat-

ing organs with controlled architecture and resolution.

18.1.1

Cell–Substrate Interactions

Decisions such as cell growth, migration, and differentiation can all be affected

by a cell’s interaction with the surrounding surfaces. Numerous micro- and nano-

engineering approaches have been used to control cell–substrate interactions

in vitro through presenting specific molecules to cells. These molecules, which

347

*) These authors contributed equally to this chapter.



range from adsorbed protein, to engineered peptides, to non-adhesive polymers,

can be used to engineer many cellular functions in vitro. For example, self-

assembled monolayers of alkanethiols have been shown to affect the action poten-

tial generation capacity of neurons [2], as well as the differentiation and prolifer-

ation of myoblasts [3]. Self-assembled multi-layer structures with cholesteryl

moieties have also been shown to improve fibroblast adhesion and spreading [4].

Alternatively, surfaces can be engineered to prevent protein adsorption and cell

adhesion on a variety of surfaces [5].

Many biological processes such as cell migration, axon extension and angiogen-

esis are regulated by spatially dependent signals, including surface gradients of

molecules. Traditional macroscale techniques have been limited in their ability

to form spatially regulated patterns of molecules. Micro- and nanoengineering

Fig. 18.1 Cell–microenvironment interactions for tissue engineering.

The upper row depicts a schematic of interactions in (left) two

dimensions (2-D) and (right) three dimensions (3-D). The lower row

provides examples of: (c) patterned co-cultures; (d) cells within

microfluidic channels; and (e) cells that are micropatterned on a

substrate.
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approaches can be used to generate in-vitro gradients of molecules on substrates

to mimic natural environments. For example, surface gradients of laminin have

been generated using a microfluidics system and have been used to study the ex-

tension of axons under controlled conditions [6]. Alternatively, microscale gra-

dients of surface molecules [7] were engineered into planar surfaces by merging

the gradient generation capacity of microfluidics and photopolymerization chem-

istry. Using this technique, gradients of the adhesive peptide RGDs (Arg-Gly-Asp-

Ser) were formed and could be used to study cell adhesion [8]. The gradients of

hydrogels with varying polymer concentrations can also be used to study the re-

sponse of cells to surface stiffness.

Micro- and nano-textured substrates have been shown to significantly in-

fluence cell adhesion, gene expression [9–11], and migration [12]. Nanoengi-

neered topographies can be incorporated into tissue engineering scaffolds to pro-

vide functional cues to cells. In fact, surface texture has already proven to be an

important parameter in current orthopedic replacement/augmentation applica-

tions [13]. It is generally believed that implantable orthopedic materials must be

hospitable for osteoblasts which deposit new bone matrix directly adjacent to the

material. As such, many investigations in the field of orthopedics have focused on

the fabrication of biomaterials which maximize cellular adhesion, and indeed it

has been found that nanotextured materials which mimic the nanoscale features

of bone surfaces are especially suitable for these applications [13]. It is likely that

the superior adhesive properties of textured materials are due to the increased

particle boundaries and increased surface area available for osteoblast adhesion.

Such nanoscale features, which are typically less than 100 nm, may be created

through a number of techniques, such as chemical etching and anodization.

These techniques have proven to be especially efficient for generating surface

roughness on metals such as titanium, and it has been shown that nanotextured

surfaces prepared by chemical etching [14] induce significantly higher levels of

metabolic activity.

Another approach for generating nanotopography is to embed nanoscale ob-

jects within biomaterials. For example, carbon nanofiber-embedded composites

have been generated with increased osteoblast adhesion and decreased adhesion

for other cell types [15]. The decreased adhesion for other cell types is especially

advantageous in that it reduces the formation of disruptive fibrous tissue around

the implant. Another alternative technique that is widely applicable to a range of

materials (e.g., metals, ceramics, carbon fibers, composites) is the use of nanopar-

ticles (NPs) as composite materials [16–19]. A detailed review of such technolo-

gies is beyond the scope of this chapter, but for the interested reader more com-

prehensive reviews of nanotextured materials [13] and cell–surface interactions

[20] can be found elsewhere.

One potential advantage of micro- and nanoscale technologies is that they min-

iaturize experiments and can be used to perform high-throughput analysis. For

example, robotic spotters can be used to perform high-throughput analysis of

cell–substrate interactions. In these studies, stem cells were interfaced with thou-
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sands of different polymeric materials that were patterned using microarray tech-

nology. The effects were observed for human embryonic stem (ES) cells [21] and

human mesenchymal stem cells (hMSCs) [22], and resulted in the identification

of some surprising cell–material interactions. Although the specific biological

mechanisms underlying these interactions are not known, this method can be

used to identify novel and potentially useful biomaterials, and for monitoring un-

expected cell responses. A variation of this approach has also been used to ana-

lyze cell differentiation in response to combinations of ECM molecules [23].

18.1.2

Cell Shape

The effect of cell shape on various cell fate decisions has been studied by immo-

bilizing cells onto micropatterned substrates. Differences in the size and shape of

the adhesive region cause cytoskeletal rearrangements, which have been shown to

effect proliferation and apoptosis [5]. For example, smooth muscle cells and endo-

thelial cells [24–26], when micropatterned on poly(lactic-co-glycolic acid) (PLGA)

surfaces, and have been shown to provide a better maintenance of cell function

and morphology. In addition, cell shape has been shown to direct stem cell differ-

entiation. Human MSCs that were patterned on small and large fibronectin pat-

terns differentiated differently based on the size of the patterns. Typically, small

islands induced the cells to form spheres, while large islands induced them to

flatten and to adhere to the surface. Staining for differentiation markers indicated

that the spherical cells differentiated into adipocytes, while flattened cells became

osteoblasts [27].

Within the body, cells are exposed to dynamic environments which may

alter their shapes in response to changing mechanical forces. Typical patterning

techniques generate fixed patterns which cannot be changed after the deposition

of adhesive molecules. However, in order to study the dynamics of cell shape

change there is a need for substrates that can be dynamically altered to regulate

the adhesive cell environments. Towards this end, photoinitiated gels [28, 29] and

thermally responsive polymer surfaces [30] have been developed. In addition,

other techniques such as the electrochemical modulation of self-assembled

monolayers [31, 32] have enabled the reversible switching of surface properties.

An alternative dynamic patterning approach uses surface cracks to reversibly

modulate the adhesive properties of the substrate at the scale of adhesion com-

plexes [33]. By using this approach, adhesive signals can be patterned within

nanocracks of a poly(dimethylsiloxane) (PDMS) substrate, and the availability of

such signals can be reversibly modulated multiple times by varying the strain ap-

plied to the substrate. However, this technique is only capable of generating par-

allel nanoscale cracks, and is ineffective for the generation of more complicated

nonlinear patterns. Clearly, many further studies must be carried out to develop

approaches capable of generating dynamic patterns at the nanoscale with more

flexibility and precision.
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18.1.3

Cell–Cell Interactions

One of the biggest challenges in tissue engineering is to reproduce in vitro the

specific arrangement of cells found in vivo. The co-culture of different cell types

is one approach to artificially recreate these arrangements. For example, hepato-

cytes in co-culture with endothelial cells better maintain their differentiated phe-

notype [34]. Similarly, homotypic hepatocyte cell–cell interactions, such as hepa-

tocyte spheroids, can be used to better maintain a differentiated phenotype [35].

However, the degree of cell–cell interactions in these co-cultures cannot easily

be controlled without the use of microscale technologies. In an effort to control

the degree of heterotypic and homotypic cell–cell interactions, micropatterned

co-cultures have been used; these are patterned through the use of micropat-

terned adhesive substrates which selectively position various cell types relative to

each other. Patterned co-cultures were initially used to study the cell–cell interac-

tions between hepatocytes and non-parenchymal fibroblasts [36], and have led

to important findings about the nature of hepatocyte and fibroblast interactions

[37–39].

Other methods for generating patterned co-cultures utilize such techniques as

thermally reversible polymers [40, 41], layer-by-layer deposition of ionic polymers

[42], microfluidic deposition [43], and micromolding of hydrogels [44]. Although

cells have recently been patterned [45] onto three-dimensional (3-D) scaffolds

using replica printing techniques, further investigations will need to be carried

out on the incorporation of such fundamentally two-dimensional (2-D) techni-

ques into 3-D tissue engineering constructs.

Beyond patterning surfaces to generate co-cultures, another approach might be

to physically confine cells and cell aggregates within defined spaces. It is known

that characteristics such as cellular phenotypic expression and stem cell fate deci-

sions may be affected both by physical interaction with surfaces and by the diffu-

sion limitations introduced by confining cells and cell aggregates within spaces.

The recent use of microwells [46] for generating arrays of many different cell

types is a potentially useful tool for facilitating and studying the effect of cultur-

ing and co-culturing cell types within confined spaces. Beyond its applications for

generating high-throughput multicellular arrays, this approach may also be ame-

nable for generating co-cultures of many cell types.

18.1.4

Cell-Soluble Factor Interactions

Soluble factors such as signaling proteins and nutrients are also important com-

ponents of a cell’s microenvironment. Both, micro- and nanofluidic technology

can be used to control the spatial and temporal presentation of soluble factors to

cells in vitro. For example, laminarly flowing fluids within microchannels can be

used to pattern cells and their substrates [47, 48]. By using laminar flows, a cell
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may be simultaneously exposed to multiple spatially segregated soluble factors

[49]. Such a technique may be useful for a wide range of studies in which the de-

livery of spatially segregated factors or conditions are relevant and allows for char-

acterizations of intracellular molecular kinetics. Microfluidic patterning can also

be used to study the effects of soluble factors on cells. For example, temperature

gradients have been used to control the development of different sides of an em-

bryo [50]. Microfluidic gradient generators have also been used to study the

effects of molecular gradients on cells [51, 52]. Using this technique, neutrophils

were exposed to gradients of interleukin (IL)-8 to generate a novel understand-

ing of the migration behavior of cells in response to nonlinear gradients [53].

Microfluidic gradients have also been shown to effect neural stem cell differen-

tiation [54] and axon extension [55, 56].

18.1.5

3-D Scaffolds

Traditionally, ‘‘engineered tissues’’ have been fabricated by seeding cells within

porous 3-D scaffolds, with such scaffolds serving as an environment within which

nutrient and oxygen transport, as well as mechanical support [57], are provided

for cell growth and proliferation, leading to the formation of 3-D tissues. Under

ideal conditions, the scaffold would gradually degrade and become replaced by

the ECM molecules deposited by cells, eventually leading to 3-D structures which

resemble native tissue architecture. Porous scaffolds are currently generated

through a variety of processes, including solvent casting and particulate leaching

[58]. Although these technologies can be potentially used to generate nanoscale

structures, such processes may not be able to engineer properties such as pore

size, geometry, interconnectivity, and spatial distribution of the scaffolds. Further-

more, the diffusion limitations imposed by the scaffolds generated using current

techniques has prevented the engineering of larger pieces of (more than a few

hundred microns) viable tissue [59, 60].

Emerging techniques which have been used to generate scaffolds with micro-

scale resolution include 3-D printing, microsyringe deposition, and tissue spin

casting. 3-D printing (3DP) is typically used to generate ceramic [61] scaffolds in

orthopedic tissue engineering applications. Similarly, in organ printing the cells

and matrix material may be printed and built up [62]. Although 3DP confers a

great deal of control over the macrostructure of the scaffold, like solvent casting

and particulate leaching it suffers from process-derived limitations on pore

properties. Alternatively, microsyringe deposition which has been used to gener-

ate layered PLGA scaffolds [63] confers a much higher degree of control, with

fairly precise resolutions over the macrostructure of the scaffold, albeit at the ex-

pense of rapidity. One can imagine a combination of 3DP with microsyringe de-

position which might enable the generation of much higher-resolution scaffolds.

Also, the layering or combination of multiple ‘‘pieces’’ of engineered tissue is

generally applicable to other materials such as polyurethane [64], and recently

has been used to build larger structures using microfluidics and spin-coating ap-
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proaches combined with particulate leaching [63]. Variations on these approaches

are extensive, however, and the interested reader will find a more comprehensive

review of such technologies elsewhere [65–67].

The aforementioned techniques have, despite their applicability to nanoscale

features, only been applied to the generation of microscale features. One current

approach for creating nanoscale scaffolds builds these structures from polymer

nanofibers which are typically around a few hundred nanometers in diameter. In-

deed, many natural biomaterials such as collagen and chitin are composed of

fibrous structures. Techniques for fabricating nanofibers include electrospinning,

melt-blowing, phase separation, self-assembly, and template synthesis.

Electrospinning is a popular approach as it is relatively inexpensive and capable

of producing nanofibers from a variety of polymers and other materials. A num-

ber of polymers – including but not limited to PLGA, collagen, polycaprolactone

(PCL), poly(l-lactic acid) (PLLA) and so forth – have been used to generate scaf-

folds for orthopedic [68], cartilage [69], and cardiac tissue engineering [70] appli-

cations. The resultant structures may be extremely porous and have very high sur-

face area to volume ratios. Specific nanoscale features play a prominent role both

in promoting cell proliferation and in guiding cell growth and general tissue ar-

chitecture. Towards this end, recent investigations have shown that nanofibers

aligned in desired directions and patterns [71] can induce growth and prolifera-

tion of cardiac cells into biologically relevant contractile spindle structures. In ad-

dition, as nanofibers can be generated from well-characterized polymers such as

PLGA, it is possible to take advantage of properties such as biodegradability and

surface functionalization. In fact, the size of biodegradable fibers can be used to

modulate the degradation rate of the material.

Self-assembled amphiphilic peptides (Figure 18.2) were recently formed into hy-

drogels for tissue engineering [72] which resembled bone matrix alignments

[73]. Peptide groups may be customized to direct cell behavior and polymerized

directly into the hydrogel. For example, it was shown that directed differentiation

of neural stem cells could be modulated using such a hydrogel functionalized

Fig. 18.2 Structure of self-assembled amphiphilic peptide hydrogels.

(Left) A macroscopic hydrogel is composed of (center) fibers (which

form in solution) that are in turn composed of (right) amphiphilic

peptides. The hydrophobic hydrocarbon tails (black) of the peptides are

buried within the fiber interior, while the hydrophilic peptide head-

groups (gray) are exposed [73].
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with isoleucine-lysine-valine-alanine-valine (IKVAV, a laminin-derived sequence)

without the use of additional biochemical factors [74].

18.2

Methods

The general methods and themes related to the techniques mentioned in Section

18.1 are described in the following sections (see Figure 18.3).

18.2.1

Soft Lithography

Traditional lithography, as developed by the semiconductor industry, has inspired

the recent emergence of soft lithography and other fabrication techniques in the

generation of micro- and nanoscale features for tissue engineering applications

[75]. Soft lithography can be used to fabricate small-scale features without the

use of expensive clean rooms by utilizing elastomeric molds made from pat-

terned silicon wafers (Figure 18.4). A number of techniques for controlling the

Fig. 18.3 An overview of cell–microenvironment interactions and relevant techniques.
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micro- and nanoscale cellular environment rely on this approach. In particular,

many micropatterning techniques for facilitating cell–cell interaction and control-

ling cell shape utilize microfabrication techniques. For example, techniques such

as capillary force lithography, micromolding, microcontact printing, and micro-

fluidic patterning for generating specific patterns of molecules on planar surfaces

often rely on microfabrication approaches [76]. In capillary force lithography and

micromolding, molds placed on a layer of prepolymer solution displace the poly-

mer solution into the void regions of the mold before polymerization is induced

[77]. In microcontact printing, molds may be ‘‘inked’’ with molecules and placed

on top of surfaces in order to print them in the shape of the mold pattern [78]. In

microfluidic patterning, molecules may be flowed through microfluidics channels

produced by layering a mold on top of a flat surface [75]. Recently, the gradient

generation capacity of microfluidics techniques has been coupled with photopoly-

merization chemistry to generate hydrogels with spatial control of the gel proper-

ties [7, 79]. In these studies, gradients of photocrosslinkable monomers were gen-

erated within microfluidics channels and then photopolymerized via exposure

to ultraviolet light. In addition to creating crosslinking density gradients across a

material, gradients of conjugated signaling or adhesive molecules were also gen-

erated for directing and inducing cell migration, adhesion, and differentiation.

Nanocrack structures that enable dynamic cell patterning are also made from

PDMS substrates generated by soft lithography [33]. Such substrates are exposed

Fig. 18.4 A schematic overview of

photolithography and soft lithography. In

photolithography (a), a mask is placed on a

silicon wafer that is coated with a thin layer

of photoresist (b). The mask and wafer are

exposed to ultraviolet (UV) light, which

generates a patterned silicon wafer (c). In

soft lithography (d), a liquid prepolymer

(typically PDMS) is molded on a patterned

silicon wafer/master (e). The polymer is then

cured and the PDMS mold is subsequently

peeled from the stamp (f ).
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to oxygen plasma to ‘‘harden’’ or to create a silica-like film on the surface ren-

dered resistant to protein adsorption via the deposition of tridecafluoro-(1,1,2,2-

tetrahydrooctyl)-1-trichlorosilane. The substrates are then subjected to uniaxial

mechanical strain (a combination of strains can be applied at once and in differ-

ent directions) and, due to differences in surface and bulk properties, parallel

arrays of nanocracks are generated. The bulk material exposed by cracking is not

resistant to protein adsorption, and so the exposure of this bulk material allows

for the adsorption of ECM proteins that in turn facilitates cell attachment along

these parallel lines. The crack widths can be modulated by varying the strain ap-

plied, and the crack can be closed by reducing the strain, thereby reversing the

availability of adhesive portions of substrate. This technique can be applied re-

peatedly in different directions to dynamically direct the growth and retraction of

cells along linear nanocracks.

Microfabrication approaches may further be used to generate features within

3-D scaffolds, and indeed finer structures such as microvasculature have been

generated in tissue scaffolds using microfabrication approaches [80, 81]. Initially,

standard photolithography techniques were used to create vascular network pat-

terns directly upon silicon and Pyrex surfaces. Cells were seeded onto the surface

and allowed to grow to confluence, and then peeled off as a monolayer and

‘‘rolled’’ together into a rough approximation of tissue. Later studies relied on

soft lithographic replica molding of the patterned networks generated using these

standard micromachining technologies with biocompatible materials such as

PDMS, PLGA [82] and poly(glycerol sebacate) (PGS) [63]. Generally, replica

molding is performed by the pouring of a mixture of prepolymer solution and

crosslinking agent onto a (typically silicon) patterned surface, followed by subse-

quent photo- or thermally catalyzed polymerization of the mixture. Replica mold-

ing, coupled with particulate leaching, can further generate biodegradable porous

microfluidics structures. For example, artificial capillary networks were generated

through layer-by-layer stacking. Finally, layer-by-layer techniques may also be used

with microfluidic patterning to generate cell-seeded scaffolds [83–85]. Here, cell-

prepolymer solutions are repeatedly flowed, deposited, and polymerized within

regions of microfluidics channels in a sequential manner. The sequential deposi-

tion of different cell-prepolymer solutions allowed for the controlled generation of

layers of different cells within scaffolds.

18.2.2

Self-Assembled Monolayers

Self-assembled monolayers of alkanethiols used for cell culture may be formed on

gold surfaces, either through direct or vapor deposition of alkanethiols to the sur-

face. In this technique, a silicon or glass substrate is typically first coated through

vacuum evaporation with a thin layer (e.g., 1 nm) of titanium to facilitate gold ad-

hesion, followed by coating with gold. Upon vapor deposition of the alkanethiol,
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the molecules’ sulfur groups will orient themselves to contact with the gold sur-

face, while the alkyl chains are packed away from the surface.

18.2.3

Electrospinning

Electrospinning – a technique derived from electrostatic spraying – is the most

common method of producing nanofiber scaffolds as it is capable of producing

fibers of various sizes (from tens of nanometers up to microns) from various

materials (Figure 18.5). In brief, a charged material solution (e.g., a polymer such

as PLA) dissolved in a solvent is discharged from a reservoir through a tip that

ranges in size from few hundred microns to a few millimeters. A grounded

(earthed) collecting surface (collator) below the tip that is 10–30 cm away will

draw the ‘‘whipping jet’’ of ejected solution towards it. As the jet travels through

the air towards its target, the solvent dissolves into a nanofiber, which collects

upon the grounded surface. With time, the nanofiber eventually loses its charge

and the result is a mat of fiber which can be used as the basis for scaffold mate-

rial. In order to achieve alignment in particular directions or dimensions, the col-

lecting surface can translated relative to the dispensing tip. Fiber dimensions and

characteristics may be controlled through modulation of material concentration

in solvent. Layers of woven or non-woven mats of nanofibers may be stacked

upon one another to build larger scaffold structures.

Fig. 18.5 A schematic diagram of polymer

nanofiber electrospinning. A high voltage is

applied to a syringe in order to charge the

prepolymer solution contained within. The

prepolymer solution is then ejected from the

syringe in a controlled manner, and a jet

stream of the charged prepolymer is drawn

towards a grounded (earthed) collator. As the

jet stream moves through the air towards

the collator, the polymer dries to form

nanofibers. The charge of the polymer slowly

dissipates after collecting on the collator.
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18.2.4

Nanotopography Generation

In order to generate nanoscale surface roughness, chemical etching techniques

are often used. For example, a machined surface may be treated with a solution

of H2SO4 or other corrosive solution to generate nanotextures. Alternatively,

nanotextured surfaces may be generated through powder metallurgy (or the em-

bedding of constituent NPs), which can be applied to materials such as pure tita-

nium, Ti6A14V and Co28Cr6Mo. In this approach, powders are typically loaded

into a steel-tool die and compacted at high uniaxial pressures (on the order of

many GPa) using hydraulic presses. In this spirit, carbon nanotubes can also be

pressed into materials at high pressures to generate surface roughness.

18.2.5

Layer-by-Layer Deposition

Sequential deposition is a recurrent theme for the generation of patterned co-

cultures for controlling cell–cell interactions. One variation on ‘‘sequential depo-

sition’’ is to use thermally responsive polymers [40] whereby electron beam irra-

diation can be used to pattern a thin layer of thermally responsive acrylamide

onto surfaces. Cells can then be cultured to confluence at 37 �C. The temperature

is subsequently reduced, to induce the thermally responsive regions to become

non-adhesive and force cell detachment. Once the detached cells have been re-

moved, the temperature is increased to enable the adhesion of a second cell type

on the exposed substrate. Layer-by-layer deposition of ionic polymers has also

been used to generate patterned co-cultures. In this approach, a surface that is

patterned with an ionic polymer is treated with an adhesive protein, resulting in

preferential attachment of the protein to non-patterned regions, such that cell

patterns can then be formed on the adhesive regions. Next, the non-adhesive sur-

faces can be treated with another layer of cell-adhesive ionic polymer. The sub-

sequent deposition of a secondary cell type results in the formation of patterned

co-cultures [86].

18.2.6

3D Printing

Traditionally, 3DP – a solid freeform fabrication technique – has been applied

to orthopedic tissue engineering applications to generate channels and networks

within scaffolds [61]. For ceramic scaffolds, printing relies on the ability to bond

wetted regions of powdered base material, but generally a bed of powder may be

printed with a particular binder solution which bonds the wetted regions of pow-

der in the shape of the wetted regions into a monolithic mold. The subsequent

removal of non-bonded powder produces the final structure. The technique may

be performed sequentially in a layer-by-layer manner to produce complicated 3-D

structures. Microsyringe deposition is similar to 3DP in that it relies on con-
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trolled deposition, and the shape of the resulting structure is a direct function of

deposition patterns. However, instead of rastering a printhead across the surface

and depositing a ‘‘glue’’, the deposited material is typically a polymer which poly-

merizes to form the scaffold directly. Here, the resolution of the deposited lines of

polymer is a function of a number of parameters such as syringe pressure and

dimensions, as well as the solution viscosity. Complex structures are also gener-

ated through layer-by-layer application of this technique.

18.3

Outlook

The merger of novel biomaterials and nanofabrication strategies has led to dra-

matic enhancements in the complexity and biomimicry of today’s tissue engi-

neering constructs. Emerging tools for manipulating the micro- and nanoscale

cellular environment have provided much insight into the fundamental biology

of how cells interact with the surrounding components such as cell–cell, cell–

soluble factors, and cell–ECM molecules. This knowledge can be used to direct

cell fates, and can be incorporated into tissue engineering scaffolds. As our

understanding of the relevant parameters increases, new nanomaterials and tech-

nologies that provide proper signals and environmental cues to cells provide ex-

citing opportunities for the generation of clinically viable tissues. Significant chal-

lenges remain to be addressed, however, including the lack of suitable materials

with the desired degradation rates, and the mechanical properties for the desired

tissue. Another challenge is the optimization of scaffold architecture, including

pore size, morphology, surface topography, and bioactivity. Also, new and opti-

mized processing methods must be developed to address issues related to cell

seeding, vascularization and scale up into 3-D structures. In addition, research is

required to test and validate the in-vivo functionality of micro- and nanofabricated

constructs, and to assess the performance of these constructs against existing

clinically applied technologies.
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Diagnostic and Therapeutic Targeted

Perfluorocarbon Nanoparticles

Patrick M. Winter, Shelton D. Caruthers, Gregory M. Lanza,

and Samuel A. Wickline

19.1

Overview

Traditional clinical imaging techniques provide gross anatomical characterization

of diseases at very late stages of progression. Treatment options at these stages

tend to have limited efficacy, and the clinical prognosis is poor. A new medical

imaging approach is to detect disease in its earliest, most easily treatable, pre-

symptomatic phase. Molecular imaging with targeted contrast agents aims to

detect and characterize the biochemical signatures of disease before anatomical

abnormalities become apparent [1–3]. In conjunction with early detection, tar-

geted therapeutics are being pursued as a means to treat presymptomatic dis-

eases with very low doses of highly potent agents [4–6]. By targeting the therapy

directly to the site of pathology, high drug concentrations are achieved at the de-

sired location without accumulating in normal tissues, leading to decreased inci-

dence of unwanted side effects. This chapter will outline the use of perfluorocar-

bon nanoparticles (NPs) for molecular imaging with magnetic resonance imaging

(MRI) and targeted drug delivery, including:
� Diagnostic imaging;
� Targeted therapeutics; and
� Other imaging modalities

Perfluorocarbon (PFC) NPs consist of a heterogeneous mixture of at least one

liquid PFC intimately dispersed in water, forming droplets that are 200–300 nm

in diameter. The chemical structure of PFCs is similar to that of hydrocarbons,

with all the hydrogen atoms replaced with fluorine. PFCs are clear, colorless,

odorless, volatile, biologically inert, chemically stable, nontoxic, and do not be-

come degraded in the body through metabolism [7, 8]. The NPs are stabilized

for use in-vivo with surfactants, the most common being phospholipids, which

isolate the PFC core from the surroundings. The phospholipid surface provides

ideal chemistry for the incorporation of specialized targeting ligands, imaging
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agents or therapeutic drugs. Targeting and imaging agents are designed to adopt

only one orientation on the NP surface: the hydrophilic end (imaging chelate or

targeting molecule) points out to facilitate interactions with the biological envi-

ronment, while the hydrophobic end intercalates into the surface of the particle.

The incorporation of hydrophobic drugs into the particle surface assures limited

dissociation from the NP until binding onto a target cell membrane.

NPs provide a ‘‘platform’’ for the incorporation and transportation of large

numbers of imaging agents and targeting vectors, such as antibodies, peptides,

polysaccharides, and aptamers [1, 3, 4]. Incorporating multiple targeting ligands

can increase the avidity of these structures. In addition, by carrying tens to hun-

dreds of thousands of imaging beacons, NPs allow imaging modalities which tra-

ditionally are considered to have low sensitivity (e.g., MRI or computed tomogra-

phy; CT) to be able to detect targets at very low concentrations [9, 10]. PFC NPs

are particularly well suited for the roles of molecular imaging and targeted drug

delivery due to their long circulating half-life, sensitive and selective binding to

the epitope of interest, prominent contrast to noise enhancement, acceptable tox-

icity, ease of clinical use, and applicability with standard commercially available

imaging systems [11–14].

NPs can be formulated to carry vast numbers of imaging agents, such as gado-

linium chelates, thereby amplifying the signal enhancement properties of the

agent [5, 15]. MRI is sensitive to the relaxation properties of water in the body.

In some cases, the native differences in relaxation between two tissues are not

sufficient to provide a clinical diagnosis, however, and contrast agents are used

to increase the detectability of an abnormal anatomy. The most common forms

of MRI contrast agent utilize gadolinium, which increases the relaxation rate of

the MRI signal and increases the signal intensity of tissues in contact with the

contrast agent. As expected, the attachment of multiple gadolinium ions onto

the surface of a NP imparts a linear increase in the signal enhancement delivered

to each binding site. In addition to this simple multiplicative effect, the physical

properties of the NPs instill an additional increase in the efficiency of the interac-

tions between the gadolinium agent and the water molecules. These two factors

allow NPs carrying 74 000 gadolinium ions to be 620 000-fold more effective than

traditional small-molecule gadolinium contrast agents [15].

In addition to carrying thousands of gadolinium chelates, NPs can express

many copies of the targeting ligand, which in turn increases the sensitivity for

the biomarker of interest. Incorporating multiple targeting and imaging agents

allows the reliable detection of even very sparse epitopes associated with cardio-

vascular disease and cancer. One biomarker that has gained widespread interest

in several diseases is the anb3-integrin, a cellular receptor associated with angio-

genesis [16, 17]. This integrin plays a critical part in smooth muscle cell migra-

tion and cellular adhesion [18, 19], both of which are required for the formation

of new blood vessels. Other biomarkers associated primarily with cardiovascular

disease include fibrin (an early marker of ruptured atherosclerotic plaques, which

lead to myocardial ischemia and stroke), tissue factor (a receptor expressed on

vascular smooth muscle cells that is involved with repair of damaged vessels), and

366 19 Diagnostic and Therapeutic Targeted Perfluorocarbon Nanoparticles



collagen III [a component of the extracellular matrix (ECM) that is exposed

following angioplasty procedures]. The incorporation of targeting ligands that

bind to these biomarkers onto the NP surface provides a means to selectively

guide particles directly to pathological tissues, even at very early stages of disease

progression.

As well as imaging biomarkers of disease, PFC NPs are capable of specifically

and locally delivering therapeutic drugs through a novel process called ‘‘contact

facilitated drug delivery’’ [20]. Lipophilic drugs can be incorporated into the outer

lipid shell of targeted NPs. Upon binding to the appropriate cell type, as directed

by the targeting ligand, the drug is directly transferred from the NP’s surfactant

monolayer to the targeted cell membrane [21]. This lipid–drug mixing process

is very slow and inefficient for free unbound particles, but binding to the cell

surface substantially increases the frequency and duration of these interactions.

Combining drug delivery and molecular imaging spatially delineates delivery

and permits the local therapeutic concentration to be estimated (i.e., rational

drug dosing). Therefore, a single targeted NP formulation can provide not only

the diagnosis of a disease but also site-specific drug delivery and monitoring of

therapeutic efficacy [4, 6, 22].

19.2

Methods

Through the use of various targeting ligands, NPs can transport imaging agents

directly to the biochemical epitopes associated with several diseases, allowing

detection as well as characterization of pathology on the molecular scale. As

targeted NPs specifically bind to the disease sites, they can also be used for the

precise delivery of drugs. Selected applications of molecular imaging and targeted

drug delivery with PFC NPs for the diagnosis and treatment of cardiovascular dis-

ease and cancer are outlined in the following sections.

19.2.1

Diagnostic Imaging

Fibrin is an abundant component of thrombi, and an early marker of ruptured

atherosclerotic plaques. Plaque rupture is the proximate cause of myocardial is-

chemia and stroke, which represent the most prevalent causes of death in

America today [23]. Fibrin-targeted NPs have been developed for in-vivo molec-

ular imaging of clot formation and demonstrated as effective in experimental

animals [24]. Anti-fibrin antibodies were covalently coupled to the NP surface

through the use of a reactive phospholipid included in the surfactant, N-4-(p-
maleimidophenyl)butyramide 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine

(MPB-PE). An imaging agent, gadolinium-diethylenetriamine pentaacetic acid-

phosphatidylethanolamine (Gd-DTPA-PE), was also included in the phospholipid

mixture to provide MRI enhancement.
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The PFC (perfluorooctylbromide), surfactants (lecithin, cholesterol, MPB-PE

and Gd-DTPA-PE) and water were emulsified for 4 min in a microfluidizer. This

process drives the components through microchannels in an interaction chamber

at very high pressure (20 000 lb/in2; 1400 bar). The high shear rates force the

material to assemble into small, stable droplets of PFC covered in a surfactant

monolayer, thus segregating them from the surrounding water. Purified mono-

clonal anti-fibrin antibodies [25] were coupled to MPB-PE on the NPs overnight,

followed by dialysis to remove unbound antibodies. This procedure created

250 nm-diameter NPs that expressed multiple copies of the gadolinium chelate

and anti-fibrin antibodies on the particle surface for imaging and targeting,

respectively.

Clots were treated with fibrin-targeted NPs and displayed distinct contrast en-

hancement in images collected with a clinical 1.5 T scanner [24]. The high pay-

load of gadolinium on the NPs, combined with the abundant availability of fibrin,

results in contrast-to-noise levels greater than 100 with in-vivo MRI. This study

established the feasibility of molecular imaging of fibrin with routine MRI tech-

niques, allowing the detection and assessment of ruptured atherosclerotic

plaques. This technology could aid in directing clinical interventions to the site

of plaque rupture or in the identification of microthrombi before they produce

significant hemodynamic stenoses.

While fibrin is an abundant target corresponding to late-stage atherosclerosis,

early biomarkers of vascular disease, such as those associated with angiogenesis,

may be much more difficult to image because they are expressed at much lower

concentrations. Angiogenic capillaries proliferate throughout the vessel wall to

meet the high metabolic demands of growing plaques [26] and contribute to sub-

sequent lesson rupture [27, 28]. Neovascular proliferation is closely associated

with the ‘‘culprit’’ lesions that cause clinical symptoms, including unstable

angina, myocardial infarction and stroke [29–31]. The ability to characterize the

extent and severity of angiogenesis within the arterial wall could provide a surro-

gate marker for atherosclerotic burden in clinical patients.

Molecular imaging of angiogenesis associated with atherosclerosis was demon-

strated using NPs targeted to the anb3-integrin (Figure 19.1) [32]. NPs were tar-

geted to the anb3-integrin by incorporating a peptidomimetic vitronectin antagonist

(i.e., anb3-integrin antagonist) (US patent No. 6,130,231) onto the particle surface.

The peptidomimetic contained a thiol group which was coupled to a phospholipid

included in the surfactant mixture,N-[{o-[4-(p-maleimidophenyl)butanoyl]amino}

poly(ethylene glycol)2000] 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (MPB-

PEG2000-PE). Gadolinium-diethylenetriamine pentaacetic acid-bis-oleate (Gd-

DTPA-BOA) was also included in the surfactant to allow MRI detection of the

NPs. The surfactant mixture (consisting of lecithin, cholesterol, dipalmitoyl-

phosphatidylethanolamine, Gd-DTPA-BOA and lipid-conjugated anb3-integrin

antagonist) was added to perfluorooctylbromide and water for emulsification at

a pressure of 1400 bar. Cholesterol-fed rabbits were imaged on a clinical MRI

system, and targeted particles produced 47G 5% signal enhancement averaged

across the abdominal aorta. Angiogenesis displayed a heterogeneous distribution,
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with individual slices enhancing by 80% and individual pixels enhancing by more

than 100%.

In addition to playing a central role in the progression of atherosclerosis, angio-

genesis is essential for the growth of primary tumors and the proliferation of ma-

lignancies. The detection of very early oncologic signatures, such as angiogenesis,

could foster timely diagnosis when treatment options are plentiful and ample

interventional opportunities are available [33]. Targeted NPs were produced by

emulsifying water, perfluorooctylbromide and a surfactant mixture that included

the lipid-conjugated peptidomimetic vitronectin antagonist and Gd-DTPA-BOA.

NPs were administered intravenously to mice bearing very small melanomas

[34] that were extremely difficult to recognize prior to injection (Figure 19.2a).

The tumors displayed a clear signal enhancement within 30 min after injection

of anb3-targeted NPs, and the image intensity continued to increase up to 2 h

post-injection (Figures 19.2b and 19.3).

Vascular agents, such as NPs, are only exposed to anb3-integrins expressed on

angiogenic vasculature. Rupture of the vessel wall, however, allows NPs to inter-

act with smooth muscle cells, which also express the anb3-integrin. Other epito-

pes, including collagen III in the ECM, could also become available for NP bind-

ing following vessel wall injury. Perfluorooctylbromide NPs were targeted to the

anb3-integrin by including the peptidomimetic vitronectin antagonist in the sur-

factant prior to emulsification. Collagen III NPs were produced by coupling anti-

collagen antibodies to MPB-PEG2000-PE on the surface after particle formation

[35]. Antibodies are easily denatured and lose their biological activity under the

high shear forces used to create the NP, but the peptidomimetic antagonist is

much more resistant to these harsh procedures. Therefore, peptidomimetic

targeting ligands can be included in the surfactant mixture and emulsified with

the particles, while antibody ligands must be coupled to the NP in a separate

step following emulsification. Both targeted NP formulations included Gd-

DTPA-BOA for visualization under MRI.

NPs targeted to either anb3-integrin or collagen III were used to visualize vascu-

lar damage in the carotid arteries of pigs following balloon injury [35]. Three-

Fig. 19.1 Molecular imaging of angiogenesis in the abdominal aorta of

a cholesterol-fed rabbit with anb3-targeted nanoparticles. False-colored

maps of percentage MRI enhancement 2 h post-injection from

individual aortic segments at three different anatomic levels: (A) renal

artery; (B) mid-aorta; (C) diaphragm. (Reprinted with permission from

Ref. [32].)
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Fig. 19.2 (A) Image of a tumor-bearing mouse collected before

injection of anb3-targeted nanoparticles. The arrow indicates the

location of a small tumor (@2 mm diameter), which is difficult to

distinguish from normal tissue. Ref: Test tube phantom for signal

normalization. (B) Magnified images showing signal enhancement in

the tumor before (BL) and up to 2 h after injection of anb3-targeted

nanoparticles. (Reprinted with permission from Ref. [34].)

Fig. 19.3 Temporal evolution of mouse tumor

enhancement with anb3-targeted contrast

agent (m), non-targeted contrast agent (e), or

a competition procedure (A). MRI signal

enhancement in the targeted group was

almost twofold higher than in non-targeted

animals (*, p < 0:05). Competitive blockade

of anb3-integrin sites greatly diminished MRI

contrast compared to that of targeted

particles (p < 0:05), confirming the specificity

of the targeted nanoparticles for the anb3-

integrin. (Reprinted with permission from

Ref. [34].)
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dimensional reconstruction of the MRI enhancement pattern was similar for both

NP formulations. The contrast-to-noise ratio achieved with anb3-integrin targeted

NPs was much higher (13.8G 5.2) compared to collagen III-targeted NPs

(3.3G 0.3), most likely reflecting the relative density of each biomarker and/or

the relative avidity of each targeting probe. The low molecular weight (@1000 Da)

of the anb3-integrin-targeting molecule allows 250–300 homing ligands to be in-

corporated onto the surface of each NP, whereas only 25–50 of the larger (50 000

Da) collagen III antibody fragments can be attached to each particle. Imaging the

spatial distribution of targeted NPs allowed morphological analysis of the vessel

injury, revealing an injury length of@31 mm, which exceeded the actual balloon

length (20 mm) by 50%.

Another potential target for molecular imaging applications in cardiovascular

disease is tissue factor, a transmembrane glycoprotein that is expressed on vascu-

lar smooth muscle cells (VSMC). Tissue factor is involved in a variety of normal

and pathological processes, including thrombosis, hemostasis, angiogenesis, cell

signaling and mitogenesis. Tissue factor expression on cultured VSMC was im-

aged using ligand-targeted NPs on a clinical 1.5 T MRI scanner [9].

NPs were targeted to tissue factor using a convenient three-step binding

approach. Perfluorooctylbromide NPs were produced with Gd-DTPA-BOA, for

MRI enhancement, and biotinylated phosphatidylethanolamine, for subsequent

targeting, in the surfactant mixture. The NPs were 273 nm in diameter, with a

polydispersity index of 0.15. The concentration of gadolinium was 6.17 mmol

L�1 emulsion, while the particle concentration was 59 nM, corresponding to

94 200 gadolinium ions on the surface of each NP. Cell cultures were serially ex-

posed to biotinylated anti-tissue factor antibodies, avidin, and biotinylated NPs,

with thorough washing between each step. Quantitative MRI showed that tissue

factor-targeted NPs bound to VSMC at a concentration of 468G 30 pM, produc-

ing a contrast-to-noise ratio of 17.7 with respect to untreated cells. The quantita-

tive results were verified with destructive chemical analysis (gas chromatography)

of the perfluorocarbon content.

19.2.2

Targeted Therapeutics

The use of NPs for combined imaging and targeted drug delivery offers the po-

tential to individualize therapy based on the identification and distribution of dis-

ease biomarkers [1, 4, 6]. Patients can be segmented and prescribed treatment

regiments designed specifically to intercede in the biochemical pathways present.

The ability to directly image the drug delivery vehicle assures that the drug is

reaching the intended target. Follow-up assessment of target expression can

verify the early response to therapy and can indicate non-responders that may

require secondary treatments.

The concept of targeted drug delivery was demonstrated with tissue factor-

targeted particles loaded with anti-proliferative drugs (paclitaxel or doxorubicin)

and applied to cultured VSMC [20]. Biotinylated phosphatidylethanolamine was
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included in the NP surfactant for three-step targeting to tissue factor expressed

on the cell surface. The surfactant also included doxorubicin or paclitaxel –

lipophilic drugs that remain in the phospholipid surface layer because they are

not soluble in either the water outside of the particle or the perfluorocarbon in-

side. The addition of free drug into the culture medium did not retard cellular

proliferation, which suggested that the overall drug concentrations were below

the therapeutic threshold. Incorporating the drugs into tissue factor-targeted

NPs, however, significantly reduced cell growth, showing that targeted therapeu-

tics can effectively concentrate the drugs onto the target cell.

Subsequent targeted drug delivery experiments have focused on establishing

the feasibility of these methods for in-vivo applications. Since anb3-targeted NPs

accumulate in angiogenic vasculature [32], the incorporation of anti-angiogenic

compounds could permit combined diagnosis and treatment in both cardiovascu-

lar disease and cancer. Under the category of cardiovascular disease, anb3-targeted

NPs containing fumagillin, a lipophilic anti-angiogenic agent [36], were injected

into atherosclerotic rabbits [37]. Perfluorooctylbromide NPs were formulated with

the lipid-conjugated peptidomimetic vitronectin antagonist (targeting ligand), Gd-

DTPA-BOA (imaging agent), fumagillin (therapeutic drug), lecithin and phospha-

tidylethanolamine in the surfactant mixture. MRI signal enhancement averaged

over the abdominal aorta was identical at 4 h after injection for animals receiving

therapeutic (fumagillin) or control (no drug) NPs (Figure 19.4). One week later,

anb3-targeted NPs (no drug) were administered to reassess angiogenesis in the

aorta. The MR signal enhancement was distinctly lower in fumagillin-treated

Fig. 19.4 Aortic MRI signal enhancement in rabbits treated with anb3-

targeted nanoparticles with (O) and without (�) fumagillin. At the time

of treatment, both nanoparticle formulations produced identical

enhancement. Rabbits receiving anb3-targeted fumagillin nanoparticles

had lower angiogenesis at 1 week post-treatment compared to rabbits

injected with nanoparticles lacking fumagillin (*, p < 0:05).
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rabbits: 2.9G 1.6% (p < 0:05), whereas control animals showed no change:

18.1G 2.1%.

Other studies have utilized agents similar to fumagillin, and demonstrated

anti-angiogenic effects in animal models of atherosclerosis [38]. In these studies,

however, the drug was not specifically targeted and required multiple administra-

tions over the course of several weeks. Without targeting, the dose required was

more than 50 000-fold greater than the dose given with targeted NPs. These high

dosages can lead to adverse side effects, including central nervous system toxicity

[39].

Targeted cancer therapy can be accomplished by emulsifying water, perfluor-

ooctylbromide, the MPB-PEG2000-PE conjugated peptidomimetic vitronectin

antagonist, Gd-DTPA-BOA, lecithin and paclitaxel [20], a commonly prescribed

drug that arrests cellular proliferation. The effectiveness of these NPs was eval-

uated in rabbits bearing small V�2 tumors (<1 cm across) in the hind limb.

Rabbits received an intravenous injection of therapeutic NPs, and MRI signal en-

hancement was measured. The successful delivery of targeted NPs was confirmed

by a significant increase in MRI intensity. At seven days post-treatment, the tu-

mors treated with paclitaxel NPs were significantly smaller (1.1G 0.2 cm3) than

untreated tumors (2.7G 0.6 cm3), suggesting that anb3-targeted paclitaxel NPs

may suppress tumor cell proliferation and inhibit tumor development. These

methods may prove useful in the treatment of early primary or metastatic tumors

alone, or in conjunction with adjuvant therapy. Such findings highlight the role

of MRI for nanomedicine systems that combine the power of imaging with tar-

geted therapy.

19.2.3

Other Imaging Modalities

PFC NPs are also amenable for use with several other common clinical imaging

modalities. For instance, NPs can be detected with ultrasound imaging because

the speed of sound in the PFC core is slower than in biological tissues (670 versus

1540 m s�1) [40], providing inherent echogenicity. Therefore, NPs do not have to

be formulated with gadolinium ions or radioisotopes, as is normally required for

detection by MRI or nuclear imaging. Typically, differences in the speed of sound

are not sufficient to visualize NPs when dispersed in the bloodstream. Upon

binding to a tissue, however, the NPs induce a local acoustic impedance mis-

match, leading to a strong ultrasound reflection. Thus, ultrasound imaging is

sensitive to NPs bound to the target, but very little background signal is generated

from circulating NPs. With targeted NPs, ultrasound has been used for molecular

imaging of fibrin, tissue factor and angiogenesis [12, 40–42].

Targeted NPs and intravascular ultrasound have been utilized to study the ex-

pression of tissue factor following balloon angioplasty in an animal model [41,

43]. Balloon inflation produced over-stretch injury in the vessel wall, but did not

intrinsically alter the ultrasound image intensity. The application of tissue factor-

targeted NPs increased the image intensity in the vessel wall by 140%, clearly il-
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lustrating the locations of tissue damage. The pattern of NP enhancement was

consistent with the severity of vascular injury determined by histological analysis.

Non-targeted NPs, on the other hand, produced no change in ultrasound signal

[43].

Ultrasound has also been extensively studied as a stand-alone therapeutic tool

by applying high-power ultrasound pulses to induce heating or cavitation [44].

However, lower levels of ultrasound energy can be utilized in conjunction with

PFC NPs to increase drug delivery. Insonification at normal clinical imaging

levels can increase the contact frequency and likelihood of fusion between NPs

and the target cell membrane [21]. The application of 2 MHz ultrasound with a

mechanical index of 1.9 for 5 min leads to a 10-fold greater lipid delivery from

targeted NPs to the targeted cell membrane. This method may represent a sim-

ple, low-cost approach to directing drug delivery and increasing therapeutic effi-

cacy with targeted NPs.

One other commonly used medical imaging technique is CT, which can be

used to diagnose and characterize advanced atherosclerotic disease using

angiography and calcium scoring. Multi-slice CT offers the ability to obtain high

signal-to-noise images with excellent spatial and temporal resolutions [45]. PFC

compounds are naturally radio-opaque, and have been utilized for CT angiogra-

phy [46]. For molecular imaging applications, however, the PFC in the NP core

does not provide adequate X-ray attenuation for reliable visualization. One major

advantage of the NP platform is the flexibility to exchange the core material to

suit the imaging method. The incorporation of a more radio-opaque compound,

such as iodinated oil, into the particles can improve the detection of pathology.

For example, fibrin-targeted PFC core NPs provided only modest contrast en-

hancement on treated clots, whereas targeted iodinated NPs produced a contrast-

to-noise ratio greater than 25 [10].

Targeted NPs also can be designed specifically for detection with nuclear imag-

ing systems [47]. The particles can be labeled with radioisotopes, such as indium

and technetium, and detected with conventional scintillation or single photon

emission computed tomography (SPECT) imaging systems. The chelates that

bind radioisotopes onto the particle surface are very similar to those utilized for

attaching gadolinium for MRI applications. Accordingly, NPs can carry a large

payload of radioisotopes, allowing very sparse epitopes and very minute areas of

pathology to be sensitively detected. The ability to formulate NPs for each of

the various imaging techniques provides the opportunity to design multi-modal

contrast agents that are applicable to hybrid imaging systems, such as MRI/

ultrasound or SPECT/CT.

19.3

Outlook

The costs of treating chronic diseases, such as atherosclerosis and cancer, are in-

creasing at unsustainable rates, leading medical research efforts to focus on early

detection and preventive strategies. The ability to detect the earliest markers of
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pathology with molecular imaging is opening avenues for the non-invasive diag-

nosing of presymptomatic disease. The biochemical information could be

employed to segregate patient populations and to apply personalized therapies.

Serial evaluation of these biomarkers would then provide an early detection of

therapeutic response, and alternative, more aggressive, therapies could be pur-

sued if traditional methods fail. Finally, combining molecular imaging with

targeted drug delivery enables the linking of diagnosis and therapy, where the de-

tection of disease, characterization of pathological signatures, selective delivery of

potent chemotherapeutic agents, quantification of drug delivered and evaluation

of disease regression could be achieved simultaneously with a single agent.

The future for molecular imaging technologies is limited only by our under-

standing of normal and pathological biology. Potential targets are being rapidly

proposed and classified through the work of genetic and proteomic researchers.

The complex interplay of inhibitory and stimulatory cellular signaling is being

mapped on the laboratory bench, yielding new clinical biomarkers to detect and

even predict the onset of disease. Likewise, targeted drug delivery could lead to

the rapid application of investigational drugs to the clinic. Site-specific deposition

of potentially harmful drugs could provide effective therapy while minimizing

adverse side effects. A whole range of previously intolerable drugs may soon be

re-examined with these technologies, and in the future drug candidates may not

need to be abandoned due to unacceptable biodistribution or clearance kinetics.

The ability to quantitate the distribution and retention of targeted delivery ve-

hicles non-invasively enables the confirmation of drug deposition and prediction

of the subsequent therapeutic response.

One of the greatest strengths of NP agents is their inherent flexibility to carry

and deliver a wide range of therapeutic agents. For example, NPs can be designed

to deliver conventional drugs, such as cytotoxins and antibiotics, or to deliver un-

orthodox treatments, such as gene therapy constructs. In addition to using NPs

to carry a drug payload, the therapeutic device itself may be labeled with NPs to

allow in-vivo monitoring and tracking. In this way, NPs may be employed in clin-

ical applications of cellular therapies [48].

Developments in molecular imaging and targeted drug delivery are proceeding

very rapidly in both academic and commercial laboratories. The application of

these agents to the clinic, however, has been relatively slow because they are con-

siderably more complex than traditional drug candidates. The use of multiple

active pharmaceutical ingredients can make high-volume manufacturing very

challenging, and can lead to difficulties in assuring the stability and safety of the

agent. A variety of different platform technologies, including PFC NPs, is emerg-

ing with broad applications in the detection, treatment and monitoring of nascent

disease, and several candidates are likely soon to enter clinical trials. It is clear

that targeted contrast agents have been shown as feasible in numerous animal

model studies by several independent investigators [49–52]. Hence, the question

is no longer whether agents based on nanotechnology will make it to the clinic,

but only which agents will be approved – and when such tools will be available

in the marketplace.
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The ultimate clinical application of these molecular-imaging techniques will

most likely require the deliberate development of task-specific imaging hardware,

software and analysis products. For MRI, specialized coils may be needed to pro-

vide robust imaging performance for clinical decision-making. For example,

some molecular-imaging applications may require intravascular coils that are

deployed on catheter systems. The imaging of fibrin deposition on ruptured athe-

rosclerotic plaques, or the imaging of vascular epitopes exposed by angioplasty

procedures, may greatly benefit from the increased sensitivity associated with

intravascular coils [53, 54]. These coils can be placed precisely near the area of

interest during interventional procedures, obviating the need for large field-of-

view imaging. In addition, specialized image reconstruction or analysis packages

may need to be developed for routine diagnostic evaluation with MRI. Automated

image subtraction or thresholding procedures may provide a better detection of

signal enhancement due to targeted contrast agent binding, and aid the clinical

efficacy of these methods. Other imaging modalities may also require specialized

hardware or software development. Ultrasound detection of targeted NPs may

benefit from high-frequency probes that offer higher resolution than is currently

available with traditional clinical systems. Furthermore, the development of hy-

brid imaging systems, such as SPECT/CT or SPECT/MRI, may greatly aid the

application of targeted NPs in the clinic. These imaging systems can combine

the high resolution of MRI and CT imaging with the high sensitivity of nuclear-

imaging techniques.

In conclusion, the goals of molecular imaging and targeted drug delivery aim

to switch current clinical practice from the evaluation of symptoms and systemic

administration of potentially hazardous drugs towards detecting the early molec-

ular signatures of disease, and pinpoint application of therapy. Clearly, the accom-

plishment of these aims could significantly reduce the mounting burden of

chronic debilitating diseases in today’s society.
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20.1

Overview

The increase in cell size that characterizes eukaryotic cells was accompanied by

the elaboration of molecular machineries that stabilize cell shape, power cell

movement, secure segregation of the genetic material, and deliver goods to spe-

cific destinations within the cell. These tasks are accomplished by a special class

of machines termed ‘‘molecular motors’’, which use polymers of two classes of

cytoskeletal fiber as tracks on which to move: (i) microfilaments composed of ac-

tin subunits; and (ii) microtubules made from tubulin dimers. Whereas relatives

of these cytoskeletal polymers already form part of the prokaryotic make-up, mo-

tors apparently are novel inventions of the eukaryotic cell. Three classes of these

linear molecular motors are known to date myosins, which use actin filaments as

tracks; and kinesins and dyneins, which move on microtubules. For almost a cen-

tury, myosin from skeletal muscle was the only protein known to be involved in

force generation and movement [1], but it was joined in 1965 by dynein, an

ATPase present in flagella and cilia [2]. Many biologists at the time probably

were quite happy with the view of one motor (myosin) being responsible for cyto-

plasmic movements, and a second (dynein) for ciliary and flagellar beating. How-

ever, many cellular movements could not clearly be associated with either myosin

or dynein, and this eventually led to the discovery of a new type of cytoplasmic

motor, kinesin, in 1985 [3, 4]. With respect to different motor categories, this

seemed to be the end of the line, but subsequently further complexity arose with-

in each group. A combination of biochemical, molecular genetic and genomic ap-

proaches revealed that each of the three motor classes comprises superfamilies of

motors of strikingly varied make-up and function. Today, we can distinguish at

least 24 different classes of myosins [5], 14 different families of kinesins [6], and

two groups of dyneins (axonemal and cytoplasmic) [7]. Schematic overviews of the

domain organization and molecular architecture of representative motor families

are shown in Figure 20.1.
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A mammalian organism may harbor the genes for over 100 different motors,

and a given cell may express well over 50 of these – a number that probably can

be multiplied several-fold due to alternative splicing, post-translational modifica-

tions, or the make-up of associated proteins. Many of these motors have not yet

been characterized, and clear functions are assigned only to a subset. Neverthe-

less, despite large gaps in our knowledge, amazing insights into the workings of

these machines have been gained during the past few years, and these form the

basis of this chapter.

The three classes of motors share several features:
� They require a polar track along which to move – actin

filaments in the case of myosin, and microtubules for

dyneins and kinesins. The information on polarity is

provided by the uniform molecular orientation of the subunit

proteins actin and tubulin, respectively, that make up the

track. Intermediate filaments – the third major structural

component of eukaryotic cells – are non-polar and are not

known to support oriented movement.
� All motors use the energy derived from nucleoside

triphosphate hydrolysis (ATP in most cases) to undergo

conformational changes that result in directional movement

along the track. The basic mechanisms of these conforma-

tional changes appear to be similar for kinesins and myosins,

but different from dyneins.
� The binding sites for both ATP and the track are located in

a globular catalytic (or motor) domain, also referred to as

the ‘‘head’’. In the process of movement, the two sites

communicate with each other and with sites that amplify the

conformational change generated upon ATP hydrolysis.
� The non-motor domains include secondary structure

elements important for motor function, such as coiled-coil

segments for dimerization and domains or associated

proteins involved in regulation and cargo binding (Figures

20.1 and 20.2).
� All motors studied so far in some detail can generate a force

that is sufficient to move even large objects through viscous

cytoplasm.

These features are discussed in more detail in the following sections.

Fig. 20.1 Overview of the domain organization of cytoskeletal motors.

The motor domain is shown in magenta; other domains are labeled as

outlined in the legend. The two plant-specific myosin families are boxed

in green, motor families with members that move towards the minus-

end are circled. For the kinesin motors, the family name preceding the

new nomenclature of Lawrence et al. [6] is shown in parentheses.

H________________________________________________________________________________
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20.2

The Architecture of the Motor Domain

The motor domain is the center of action in force generation and movement. Its

size differs markedly between the three types of motors, being surprisingly small

in kinesins (45 kDa), about twice that size in myosins (100 kDa), and exception-

ally large in dyneins (500 kDa). As structural information at atomic resolution is

the key to an understanding of molecular function, considerable efforts were di-

rected at obtaining the crystal structures of the motor domain. The structure of

the myosin II motor domain was solved by X-ray crystallography in 1993 [8],

followed in 1996 by the structures of conventional kinesin and the kinesin-like

protein ncd [9, 10] (Figure 20.2). As yet, no high-resolution structure is available

for any of the dyneins.

Fig. 20.2 Structure of myosin and kinesin

motors. (a) Crystal structure of the motor

domain of myosin II; the heavy chain is

shown in yellow; the two light chains

associated with the neck are shown in blue

and magenta. (b) Crystal structure of the

motor domain of Kinesin-1; beta-sheets and

alpha-helices are shown in blue and yellow,

respectively. (c) Schematic overview of

dimeric myosin V; the motor domain is

shown in red, light chains associated with the

neck region are shown in magenta. (d)

Schematic overview of the Kinesin-1 dimer;

the motor domain is shown in blue; flexible

regions in the coiled-coil stalk are shown as

bulges.
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The structures of kinesin and myosin uncovered an unexpected relationship be-

tween the two. The central portion of the myosin head, which harbors the nucleo-

tide binding pocket, is virtually identical in structure to the core of the kinesin

motor domain, despite a lack of significant sequence homology [9]. In addition,

both structures show similarities to the G-proteins in the region surrounding

the nucleotide, the so-called switch I and switch II motifs. In all three proteins

the switch regions shift position in response to nucleotide hydrolysis, and thus

are instrumental in the catalytic process. These findings are consistent with a

common evolutionary origin of myosin, kinesin and G-proteins [11].

Dynein bears no structural relationship whatsoever to kinesin and myosin (Fig-

ure 20.3). The dynein heavy chain is a member of the AAAþ ATPases, a highly

diverse superfamily of proteins involved in a bewildering spectrum of cellular ac-

tivities [12]. In its C-terminal portion it contains six AAAþ modules (see Figure

20.1), apparently arranged in a ring [13]. The first four modules exhibit an intact

P-loop motif (signifying a nucleotide binding site), while in the other two the P-

loops are highly degenerate [7]. Only the first highly conserved AAA domain is

believed to hydrolyze ATP, and thus represents the catalytic site. Curiously, the

microtubule binding site is located at the end of a unique@10 nm stalk [14] that

extends from the ring at the side opposite of the first AAA unit (Figure 20.3).

Thus, the microtubule motors kinesin and dynein are of different evolutionary

origin and operate by different mechanisms.

Fig. 20.3 Schematic overview of the dynein motor. (a) Organization of

the cytoplasmic dynein dimer. (b) Domain organization of a single

heavy chain; the six AAA-domains are arranged in a ring supplemented

by a seventh domain of unknown function. A coiled-coil stalk with the

microtubule binding site at its tip is extending between the AAA units 4

and 5.
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20.3

Initial Events in Force Generation

Conformational changes within the motor domain are the key to an understand-

ing of molecular motors. A consensus is beginning to emerge that force gener-

ation and movement begin with small, structural changes in the active site, trig-

gered by ATP hydrolysis, that are translated into a larger conformational change

of a mechanical amplifier. This process requires intramolecular coordination of

the ATP and filament binding sites. Interruption of this coordination by, for ex-

ample, mutations of amino acids that flank the nucleotide binding pocket uncou-

ples ATP hydrolysis from track binding [15, 16].

In both kinesins and myosins (Figure 20.4), ATP binding and hydrolysis gener-

ate a shift in the position in two structural elements, termed switch I and switch

Fig. 20.4 Intramolecular communication in the motor domains of

myosin (a) and kinesin (b). ATP is shown as a space-filling model in

orange. ATP hydrolysis causes a shift in the position of the switch

regions (magenta), which is communicated by the relay helix (red) to

the neck region of myosin or the neck-linker of kinesin, respectively,

causing a shift in the position of these structural elements (light and

dark green).

388 20 Biological Nanomotors



II (based on the G-protein nomenclature), flanking the nucleotide binding pocket

[17, 18]. In myosins, these conformational changes are communicated to the C-

terminal region of the head via the so-called relay helix that passes by the actin

binding face and ends in a moveable element, the converter domain [19]. Further

C-terminal, a mechanical amplifier consisting of an a-helix stabilized by the myo-

sin light chains (see Figure 20.2) originates in the converter domain (Figure

20.4a). According to the crystal structures obtained in different nucleotide states,

the amplifier acts as a lever arm that appears to undergo a large conformational

change, a rotation through@70� [20]. This swing of the lever arm is believed to be

the ultimate cause of a working stroke. In the myosin II motor, with its two light

chains bound to the so-called IQ motifs of the myosin neck region, the size of

this working stroke is@5 nm [21]. If the working stroke of myosins is indeed de-

termined by the length of the neck region, then motors with shorter levers should

be slower while those with longer necks should move faster. In agreement with

this model, modification of the neck length (fewer or more light chain-binding

IQ motifs) either slows down or accelerates the motor both in vitro [22, 23] and

in vivo [24]. Although the different conformational states of the lever correlate

nicely with different nucleotide states and thus allow to model the power stroke,

all the crystal structures are of motor domains in solution. The ‘‘true’’ power

stroke takes place in association with actin, however, so that caution must be ex-

ercised in the interpretation of the structures seen.

Kinesins do not possess a rigid lever arm, but they have an analogous element

– the neck linker – which consists of approximately 10 amino acids at the C-

terminus of the motor domain. The neck linker has been proposed to shift its po-

sition in response to nucleotide hydrolysis, being docked along the motor domain

in the ATP state or mobile in the ADP state [25]. The information on the state of

the active site is relayed via the switch II region to the so-called switch II helix,

which is equivalent to the relay helix of myosin (Figure 20.4b). In kinesin, this

helix may undergo a length change and a small but significant rotation, which

is suggested to tighten the motor domain on the microtubule surface [26] and

therefore may be an integral part of the relay mechanism. Interestingly, a twist

of the relay helix relative to the rest of the motor domain may also occur in myo-

sins [27]. Thus, the structural elements involved in sensing and transmitting

hydrolysis-dependent changes are similar in kinesin and myosin, but the last

step of translation into a large-scale conformational change apparently involves

the swing of a rigid body (the lever arm) in myosin and the repositioning of a

flexible element (the neck linker) in kinesin [28].

How dyneins transmit a conformational change that occurs in the first AAA

unit to a microtubule binding site located 20 nm away is presently unclear. As

stated above, this is due to the lack of an atomic resolution structure of the motor

domain. However, painstaking analysis of dynein molecules by electron micros-

copy suggests a rolling rotation of the ring/stalk unit relative to the rest of the

molecule (Figure 20.5) [29]. This rotation is associated with ATP hydrolysis and

release of the products, and shifts the position of the microtubule-binding site at

the end of the stalk by about 10 nm. Although a shift in the position of the stalk
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superficially resembles a swinging lever, its cause and transmission mechanism

bear no resemblance to that of myosin motors.

20.4

Stepping, Hopping, and Slithering

The question remains as to how these structural changes are translated into

movement along the track. There is no generic answer, as a spectrum of behav-

iors is observed. Several motors, including kinesin-1 or mammalian myosin V,

can move along their respective tracks for long distances without dissociating,

taking hundreds of steps in the process. This stepping mode, which is referred

to as ‘‘processive’’ movement, most likely evolved as a result of a physiological

requirement for long-range movement driven by only one or a few motor mole-

cules. Processive motors tend to be dimeric. However, dimerization is neither

necessary nor sufficient for continuous movement. Some monomeric motors

(e.g., class 3 kinesins, myosin IXb) can move for long distances without dissociat-

ing, while certain dimeric motors are non-processive (e.g., myosin II, members of

the kinesin-14 family that move in the direction opposite to all other kinesins).

The ‘‘duty ratio’’ is a useful concept by which to explain the difference between

processive and non-processive motors. This ratio describes the fraction of the

Fig. 20.5 Pre- and post-power stroke conformation of the dynein heavy

chain. Rolling rotation of the ring structure causes a shift in the

position of the stalk that binds to the microtubule. (Schematic diagram

based on the studies of Burgess et al. [29].)
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time that a motor domain spends attached to its track. A single step can be envi-

sioned to consist of a working stroke – when the head is bound to the track – and

a recovery stroke during the detached phase. For example, a duty ratio of 0.1

indicates that the motor domain spends 10% of its ATPase cycle attached to the

track. Processive motors must have a large duty ratio, otherwise the chance to

diffuse away from the track during the detached phase would be too high. Better

yet is the use of two heads that alternate in their binding to the track so that one

head is bound at all times.

A single molecule of conventional kinesin can take over 100 steps of 8 nm,

which corresponds to the spacing of tubulin dimers, without dissociating from

the microtubule [30], and one molecule of ATP is hydrolyzed per step [31]. These

basic features are maintained even in a fast kinesin, the motor domain of which

can hydrolyze approximately 260 ATPs per second [32]. Studies with single-

headed motors clearly established a requirement for two heads in processive be-

havior [33]. The hydrolysis cycles of the two heads must be coordinated in such a

way that one of the heads is bound to the microtubule while the other is free to

move, and the two heads must be kept out of phase [34, 35]. Current models en-

vision a ‘‘hand-over-hand’’ cycle, where the free head moves past the bound head

to find a new binding site. So-called ‘‘inchworm models’’, where kinesin is limp-

ing along the track with one head always in the lead and the other always trailing

[36], apparently can be ruled out [37]. The duty ratio must be at least 0.5, and a

phase must exist in which both heads are bound to the microtubule. Since in the

crystal structure of dimeric kinesin the two heads are separated by no more than

@5 nm [38], binding of both heads to two tubulin subunits spaced 8 nm apart

would require considerable rearrangement of the domains adjacent to the head

(i.e., neck linker and/or neck). Indeed, the mobility of the neck-linker in mono-

meric constructs attached to microtubules is consistent with the existence of a

‘‘two heads bound’’ state [25]. Unraveling of the neck coiled-coil would be another

possibility to accommodate such a state, but experimental modifications of the

neck only result in minor changes in the run length and apparently do not affect

head-head coordination [39].

The paradigm for a processive myosin – mammalian myosin V – is unique in

that the neck has six IQ motifs, signifying six light chain-binding sites (see Figure

20.1). Thus, in theory myosin V could take large steps if the longer neck does in-

deed function as a lever. A number of elegant studies are in agreement with this

view. The step size appears to be@36 nm, which corresponds to the pitch of the

actin helix [40]. A rate of movement of@0.5 mm s�1 and an ATPase activity of 13

per second are consistent with the hydrolysis of one molecule of ATP per 36-nm

step [41].

The next question is whether this large step is taken in one giant sweep, or are

there substeps? This question seems justified since, for example, the kinesin step

[42] or the working stroke of myosin I [43] may be composed of two substeps.

The working stroke appears to be@25 nm, and is itself composed of two phases

of 20 nm and 5 nm. The missing 11 nm to complete the 36-nm stride is proposed

to be contributed by thermally driven diffusion [44]. Thus, myosin V may have
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a significant Brownian ratchet component in its movement. In other motors, a

Brownian ratchet type of movement may prevail, though this is controversial.

Nonetheless, it may explain the behavior of a chimera of a short-neck myosin V

with only one IQ motif and a smooth muscle myosin tail. This chimera can take

relatively large steps, but has a broad distribution of step sizes and exhibits many

backward steps [45].

One other intriguing motor is myosin VI, which moves towards the minus end

of actin filaments due to the action of a unique insertion near the motor domain

[46]. It can work either as a non-processive monomer or a processive dimer, de-

pending on the task in the cell [47]. Although it only has one IQ motif – and

therefore a short neck, or lever arm – it can take 36-nm steps when dimeric [48].

Here, the short power stroke component appears to serve primarily as a bias for

directionality, while the Brownian movement component contributes a larger

fraction of the step. The movement is hand-over-hand, however, implying the

presence of a flexible element next to the lever to accommodate such a large step

size [49].

For many years, it was believed that the long-range movement of single motors

requires dimers, the heads of which are tightly coordinated. It therefore came as a

surprise when a monomeric kinesin-3 (KIF1A) [50], a monomeric myosin (class

IXb) [51] and a monomeric dynein (inner arm dynein c) [52] were suggested

to move along their tracks as monomers for long distances. However, the char-

acteristics of these monomer movements differ from the typical processive move-

ments of dimeric motors. The best-studied of these motors, KIF1A, can stay

bound to microtubules for several seconds and diffuses back and forth, with a

net movement towards the microtubule plus end. The key to this behavior seems

to be the presence of a second microtubule binding site that contains several pos-

itively charged residues (‘‘K-loop’’) which can interact with the negatively charged

C-terminus of tubulin (‘‘E-hook’’). Thus, the K-loop acts as a tether, while the

power stroke of KIF1A provides the push that biases diffusion towards the micro-

tubule plus end [50]. However, other members of the KIF1 family that also

possess the ominous K-loop fail to show processive motility [53], leaving some

doubts as to the universality of this otherwise plausible mechanism.

Motors that have a low duty ratio and lack a tether to the track are non-

processive. The two best-studied non-processive motors are myosin II and the

kinesin-14 motor ncd. Both are dimeric, but the two heads do not cooperate. In

muscle, processive movement is unnecessary because the myosin molecules

operate independently and are part of a large paracrystalline arrangement, the

sarcomere. While myosin II is non-processive because the two heads go their sep-

arate ways, the reason for the lack of processivity of ncd may be just the opposite:

they are too tightly associated with the neck coiled-coil [54]. Ncd lacks a flexible

neck linker, and so far no evidence for uncoiling of the neck that would ac-

commodate a two-heads-bound state has been obtained. Interestingly, however,

the neck of ncd undergoes a lever arm-like rotation of the neck to produce its

one-step movement [55].
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A general conclusion emerging from studies on processive motors is that mov-

ing along the track may entail both a mechanical component and a diffusive com-

ponent, with different motors using different proportions of each. Most dimeric,

processive motors rely on conformational changes and tight coupling, with a

smaller contribution from diffusional searching, although in myosin VI the oppo-

site seems true. Monomeric processive motors appear to have a large contribution

from diffusion, which makes their manner and form of processive behavior

markedly different from that of dimeric motors. In both, the diffusional compo-

nent seems to be supported by secondary ‘‘tethering’’ sites that enhance motor

performance.

20.5

Directionality

Most cell biologists would have been rather comfortable with the idea that a given

superfamily of motors moves in one direction only. However, this comforting

thought was shattered when a kinesin-like protein, Drosophila ncd [56], and a

member of the myosin VI family [57], were found to move towards the minus

ends of microtubules and actin filaments, respectively. So dynein is the last hope

for a unidirectional motor superfamily.

Analysis of the minus-end kinesins and myosins has offered important insights

not only in the basis of reversed directionality, but also into motor mechanochem-

istry in general. In kinesins, the chief reason for reversed directionality is the

placement of the motor domain. While the atomic structures of plus or minus

kinesin motor domains are similar, minus-end motors have the motor domain

at the C-terminus following the neck region, while in plus-end motors it is at

the N-terminus. This placement, which so far is characteristic of all minus-end

kinesins, alters the head–neck interaction which, in turn, is the determining fac-

tor for directionality. When motor domains are swapped, the resulting chimeras

adopt the direction of movement specified by the neck (e.g., [58]). The movement

of these chimeras is very slow, and this points to an intrinsic plus-end bias, even

in a minus-end motor domain [59]. Convincing evidence for the overriding im-

portance of the neck region in directional determination came from the analysis

of a point mutant in the ncd neck that completely lacks directionality, switching

stochastically between plus-end and minus-end movement [60].

The reversed polarity of the minus-end-directed myosin VI motor is attributed

to a unique 53 amino-acid insertion in the myosin VI converter domain. Surpris-

ingly, atomic structures of the myosin head reveal this insertion to be a modified

light chain-binding domain (IQ-motif ) [46] that is proposed to reverse the direc-

tion of the lever arm swing. Artificial levers accomplish the same trick, demon-

strating that the same conformational change in the motor domain can be redi-

rected with appropriate head–neck linkages [61].
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20.6

Forces

Molecular motors have evolved to generate forces that can be used to the cell’s ad-

vantage. In order to measure the forces that single motor molecules can generate,

two variants of a laser trap set-up have been widely used. In one system, a mi-

crobead carrying one motor is held in a laser trap while the motor moves on its

cytoskeletal track attached to a coverslip (Figure 20.6a). As the motor with its bead

attempts to escape from the laser trap, it works against an increasing load until

it stalls. The stall force is the maximum force that the motor can develop. This

set-up can be used with processive motors. In order to measure the forces of

non-processive motors such as myosin II, an actin filament suspended between

two beads in a double laser trap is lowered onto a myosin molecule attached to

a third bead fixed on the surface of a microscopic slide (Figure 20.6b). As the

motor interacts with the actin filament, the pull exerted on one of the beads that

hold the actin filament is determined. It transpires that the forces of all motors

measured so far lie in the range of 1 to 10 pN [62–64], and are sufficient to

move even large objects such as vesicles or organelles through viscous cytoplasm.

Fig. 20.6 Laser trap set-ups to determine

motor activity. The waist of the focused laser

beam is shown in magenta. (a) A processive

kinesin motor attached to a bead is moving

on a microtubule fixed to a coverslip. As the

bead is being moved out of the center of the

laser trap, retaining optical forces increase

until the force exerted by the motor equals

the retaining force and the motor stalls in

its movement. (b) Set-up to measure the

force of a non-processive myosin. An actin

filament (red) stretched between two beads

suspended by two laser traps is lowered onto

a third, fixed bead carrying one motor on its

surface. The shift in the position of the left

bead caused by the action of the motor is

determined.
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Laser traps with feedback control that apply a constant external load on the motor

allow the determination of load-dependent transitions in the stepping cycle (e.g.,

[65, 66]).

20.7

Motor Interactions

Molecular motors are involved in a wide variety of cellular activities, including the

transport of cellular constituents (e.g., organelles, vesicles, molecular complexes),

cell division, translocation, sensory transduction, and development. These activ-

ities require specific interaction of the motor(s) with their target sites mediated

by regions outside the core motor domain and involving accessory molecules or

interacting complexes. The questions of how motors link up to their cargoes,

and how transport is regulated, are perhaps the least well understood aspects of

motor physiology, because every transport process has its own specific type of

motor–cargo interaction, and few generalizations are possible. However, a num-

ber of principles have emerged. Some motors, such as certain members of the

monomeric myosin I or kinesin-3 families, may bind directly to the phospholipid

bilayer. In most cases, however, motors interact with integral membrane proteins

either directly or via a (sometimes rather complex) machinery of linker proteins.

In the kinesin-1 family, for example, a particularly prominent role is played by a

pair of accessory proteins termed kinesin light chains which, in animals at least,

figure prominently as linkers to membrane-associated proteins or protein com-

plexes [67]. Cytoplasmic dynein, an organelle transporter towards the microtu-

bule minus end, interacts via one of its associated polypeptides with an activator

complex, dynactin, which itself is composed of more than a dozen subunits. An

emerging principle for both the recruitment to cargo and regulation of motors

is an association with small G-proteins of the Rab family, used by a subset of

members of all three motor superfamilies [68]. A prime example is found in mel-

anophores, where pigment granules called ‘‘melanosomes’’ are transported by all

three classes of motors (cytoplasmic dynein, kinesin-2, myosin V). Here, kinesin-

2 and myosin V cooperate in centrifugal transport, during which myosin V is re-

cruited to melanosomes by Rab27a via the Rab-binding protein, melanophilin,

which then binds myosin V [69]. The factors that control the activity of Rab27a

may therefore control the recruitment, and thus the activity, of this melanosome

motor. During centripetal transport the number of active dyneins – but not

the total number of dyneins – increases [70]. The mechanisms that govern this

switch in dynein activity are poorly understood. In general, the factors that deter-

mine the recruitment, activation, inactivation, and unloading of a motor during

transport are a fertile ground for further research. Binding to non-motor do-

mains, protein factors, and post-translational modifications all appear to play a

role (for examples, see Ref. [71]), but the complete cycle from cargo binding to

release is not yet fully understood for any of the transport processes studied to

date.
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20.8

Outlook

Some 15 years ago, the general belief (or at least hope) was that myosin is for

contraction and movement, dynein is for cilia and flagella, and kinesin is for

organelle transport. How things have changed! To date, molecular motors are im-

plicated in a bewildering spectrum of cellular activities. In addition to the three

‘‘classical’’ roles, we now count among their tasks unexpected functions such as

signaling, RNA localization, and sensory transduction, and we are beginning to

appreciate their implications in cellular homeostasis, basic developmental pro-

cesses, and a growing number of diseases. Because several motors – and even

entire classes or families – have not yet been characterized, the full spectrum of

cellular roles has yet to be appreciated. Whereas the general principles of motor

chemomechanics have been elucidated, large gaps still exist in our knowledge of

the biochemical and biophysical details. Recent progress in the design of nano-

mechanical devices to measure atomic-scale movements and forces has indeed

been amazing, and at present there is no end in sight. Spatiotemporal resolution

and sensitivity are still improving and, in combination with the rational design of

motor mutants, this will allow us to determine the details of motor physiology.

Moreover, as yet only a subset of motors has been characterized functionally,

and the functions suggested for some of these need still to be confirmed. Many

motors – and particularly those in plants – are known only by sequence, and

hence this is a fertile playground for the ‘‘cell biological hunter–gatherer’’.

Finally, the question of whether cytoplasmic motors will find applications in

nanobiotechnological devices remains a challenge for the foreseeable future.
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Biologically Inspired Hybrid Nanodevices

David Wendell, Eric Dy, Jordan Patti, and Carlo D. Montemagno

21.1

Introduction

The exploration and exploitation of biologic modes of design and self-assembly

are now studies of both greater urgency and ease, as the tools for manipulation

and visualization of nanoscale materials become increasingly available. Engineer-

ing biologically inspired nanoscale devices encompasses a wide variety of re-

search, from current nanomaterials such as gecko tape, self-cleaning glass, and

artificial shark skin [1], to the mechanics of how biological molecules such as pro-

teins, enzymes, DNA and RNA can function as analogous man-made structures

[1–50]. In this chapter, we will briefly examine a sample of these technologies

and follow up with current related research. We will discuss what can be gleaned

from these emerging technologies, focusing primarily on biomimetic protein-

based devices. Finally, we will present our research efforts in the area of biocom-

putation and extend this discussion to the prospects of future applications.

Engineering hybrid nanoscale devices requires the concurrent application of

technology from a variety of fields. Incorporating varying levels of organization

is central to creating functional biomimetic materials. The common thread

among biological nano-hybrid devices is the need to exploit natural self-assembly

schemes that have evolved over the millennia to build complex structures. Often,

utilizing such a self-assembly scheme is sufficient, but optimum form may not

always follow natural function, and producing devices which convert chemical en-

ergy to electricity, or light into chemical energy such as ATP can improve on Na-

ture’s design through engineering. Here, we show two bodies of work, including

protein-based devices and cellular power generation, the common theme being a

fusion of biologic molecules with synthetic structures to produce nanoscale hy-

brid devices.
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21.2

An Overview

21.2.1

A Look in the Literature

Biologically inspired synthetic architecture and devices that can both sense and

respond on the nanoscale can be found in a number of areas, including optics,

microfluidics, and device computation. For example, the waxy nanotextured is-

lands of the lotus leaf have inspired a range of materials from low-drag fluidic

channels to self-cleaning glass [2]. Similarly, the microtextured riblets of shark

skin has led to low-drag surfaces for turbulent fluid flow situations [3]. In optics,

a new hybrid apposition/superposition lens system borrows much of its design

inspiration from the compound lens structure found in insects such as the drag-

onfly [4]. DNA nanotechnology has exploited the Watson–Crick pairing and self-

assembly of DNA and RNA in a variety of settings [5–8]. Indeed, it has been used

to create small structures in two and three dimensions, including Sierpinski tri-

angles, nanotubes, cubes, octahedrons, nanowires, and many others. Futhermore,

RNA has been exploited not only for its self-assembly, but also for its ribozyme

and gene-splicing abilities [9]. Other biological materials chosen for nanoscale

imitation include bone, shell, and sponge spicules, all selected for their strength

and toughness [10]. The durability of many of these rigid materials is derived

from sacrificial bonds and ‘‘hidden length’’ within their supporting and connec-

tive materials [11]. One biologically inspired commercial design has led to the

production of a new type of adhesive, commonly referred to as ‘‘gecko tape’’.

The nanoscale fibrillar structures on the feet of insects and geckos are the

principal components which endow them with such extraordinary adhesive wall-

walking properties. The fibrillar structures take on a hairy appearance that varies

in size and surface density between species. The size – and thus the body weight

– of the animal has dictated the evolutionary path of adhesive design, yielding

smaller insects with large (several microns) adhesive structures, and geckos with

fine nanometer-scale hairs (Figure 21.1) [12]. Concurrently, decreased fibrillar

size has coincided with an increase in hair density, with geckos having the high-

est density of any species studied to date [1, 12]. Recent reports have shown that

the origin of the hairy structures stickiness lies in the molecular adhesion pro-

duced by van der Waals’ interactions of the hairs with the surface [13]. While

van der Waals’ forces are relatively weak molecular interactions, it is the ex-

tremely high fibrillar density that provides the strong cumulative adhesive force

capable of supporting a gecko’s body weight.

Although the above-described materials are remarkably different, they do share

a common fundamental inspiration and similar, design scale. While it is not al-

ways necessary to borrow design from Nature, in some instances it can prove use-

ful to do so, especially on the nanoscale, as Nature has already evolved so many

efficient designs. Considering the cell and cell membrane as examples, we seek to

harness the protein tools within them to make hybrid biomimetic nanoscale
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devices. We have begun to do this by coupling light-driven proteins with enzy-

matic ones, ion channels and connexin; and autocontractile cells with piezoelec-

tric materials for implantable power scavenging.

21.2.2

Membrane Proteins and their Native Condition

The possession of lipid membranes is a defining characteristic of living organ-

isms, as these provide compartmentalized functionality. Lipid bilayers provide a

semipermeable barrier, allowing the organism to interact with its environment

and, at the same time, to regulate the passage of ions, glucose, DNA and other

essential solutes in and out of the cell. The ever-increasing body of structural in-

formation on membrane proteins is providing insight into cell membrane archi-

tecture. The classic Singer–Nicholson fluid mosaic model of evenly distributed

membrane proteins has been updated to include segregated regions of protein

with variable membrane thickness [14]. The new picture still maintains mem-

brane fluidity, but paints a patchwork of areas with specific protein function,

with other areas devoid of protein. Furthermore, each island of proteins will take

on a different appearance, as the shape of embedded membrane protein can vary

dramatically [14].

In the past, lipid membranes have served as useful platforms for in-vitro pro-

tein reconstitution in basic structural and mechanistic studies of membrane pro-

teins [15–17]. However, given that certain parameters such as durability and

chain length cannot easily be controlled in lipid systems, polymer membranes

offer a compelling approach towards fabricating customizable, rugged devices

based on inherent protein functionality. They are versatile in that the block com-

positions can be easily tailored, depending on the dimensions required to support

protein integration.

In an attempt to increase vesicle stability and lifetime, the lipid membranes can

be replaced with polymer. In fact, a triblock copolymer, with hydrophilic ends and

Fig. 21.1 Fibrillar attachment: size distribution (from Ref. [12].)
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a hydrophobic core, can provide an environment very similar to lipid. Using a

polymer originally slated for contact lenses, Meier and colleagues began using an

ABA triblock composed of polymethyloxazoline-polydimethylsiloxane-polymethyl-

oxazoline (PMOXA-PDMS-PMOXA) that contains properties similar to that

found in lipid bilayers [17], and have shown functional membrane protein incor-

poration [18]. In addition to ABA, an ABC copolymer composed of polyethylene

oxide-polydimethylsiloxane-polymethyloxazoline (PEO-PDMS-PMOXA) has been

recently introduced which reportedly allows oriented protein incorporation [19].

In our laboratory, using poly-2-ethyl-2-oxazoline (PEtOz) and polydimethylsilo-

xane (PDMS), we have synthesized a PEtOz-PDMS-PEtOz block copolymer with

similar thickness/permeability to a lipid bilayer [20]; these are both important

considerations for protein function.

Several recent scientific reviews have focused on amphiphilic block copolymers,

and their use as nanocontainers, nanoshells, and scaffolding for artificial mem-

branes [21–25]. Unlike polymer, lipid membranes are optimized for fluidity

rather than stability, and must rely on the ever-present cellular machinery to

maintain dynamic assembly, turnover, and reorganization. Consequently, amphi-

philic block copolymer membranes can provide a robust and durable synthetic

housing for imbedded membrane proteins that does not require constant upkeep.

Moreover, it is proteins such as F0F1 ATPase that are particularly useful as ATP is

essential for many biological processes. By engineering systems with membrane

proteins such as F0F1 ATPase, bacteriorhodopsin, ion channels and other criti-

cally functional membrane proteins, it is possible to build devices on the nano-

scale with hybrid, novel functions. Certainly such devices are not limited to

membrane-bound proteins. Much more structural information is available for cy-

toplasmic proteins, making them a more practical resource for engineering life

processes into nanoscale devices.

21.3

The Protein Toolbox

21.3.1

F0F1-ATPase and Bacteriorhodopsin

Nanoscale hybrid systems attempt to integrate biological and synthetic compo-

nents. For our purposes, this usually involves packaging proteins in an in-vitro
environment where they can continue to function. One model system with which

our group has conducted extensive studies is that of coupled bacteriorhodopsin

(BR) and F1F0-ATP synthase (ATP synthase) in an artificial membrane [26]. BR

and ATP synthase are both proteins which integrate into the cell membrane,

spanning across it.

BR, a membrane-bound protein originally isolated from the purple membranes

of Halobacterium halobium [27], utilizes solar radiation to translocate protons

across the membrane, forming a proton gradient. Subsequently, the FoF1-ATPase
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complex utilizes the gradient to move the protons into the cell, and synthesizes

ATP [27, 28].

ATP synthase, a ubiquitous enzyme which drives the energy transport chain,

consists of two separate portions: (i) Fo, the hydrophobic, membrane-bound por-

tion that is responsible for proton translocation; and (ii) F1, the hydrophilic por-

tion that is responsible for ATP synthesis and hydrolysis. As protons flow through

the Fo, the g subunit rotates clockwise and ATP is synthesized. The a, b, and c

subunits of the Fo portion form the channel which allows protons to flow through

the membrane (Figure 21.2). The nucleotide binding and catalytic sites are lo-

cated on the three a and three b subunits of the F1-ATPase, respectively [29].

The g subunit is centrally located within the a3b3 hexamer, and rotates as a func-

tion of ATP synthesis/hydrolysis.

Artificial systems consisting of BR and FoF1-ATPase in liposomes have been

used to demonstrate the light-driven production of ATP [30, 31]. Inversely, hydro-

lysis of ATP is the process that we use to couple mechanical energy to nanofabri-

cated devices, as demonstrated previously [32] (Figure 21.3). When F1 is free in

solution, the hydrolysis of ATP results in counterclockwise rotation of the g sub-

unit.

Aside from the fact that the F1-ATPase motor protein simply looks like a motor,

a rotor surrounded by a stator, it is actually capable of producing an astounding

amount of torque for its size. The diameter of the rotor is approximately 1 nm,

while the diameter of the entire motor is only about 10 nm.

By incorporating both F0F1-ATPase and BR into an artificial system, such as a

liposome, it is possible to reproduce this process in vitro. Liposomes with diame-

ters on the scale of 100 nm are easily formed in bulk from purified lipids by se-

lective solvent removal, using rotary evaporation. Their structure resembles a

small cell, with the interior partitioned from the bulk by a lipid bilayer. BR and

ATP synthase can be incorporated by partially solubilizing the liposomes with de-

Fig. 21.2 The protein structure of F0F1-ATPase, showing protein

orientation in the lipid membrane.
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tergent, adding protein to the mixture, and then dialyzing the solution. As the de-

tergent diffuses away, the proteins left behind assume the lowest energy position,

which results in membrane integration. Changes in pH in the interior of the

vesicles and production of ATP can be monitored by fluorometric and lumines-

cence techniques. Extending this concept one step further, we have demonstrated

such protein insertion and ATP production in ABA polymersomes [42].

21.3.2

Ion Channels and Connexin

The chemical energy produced by BR and F0F1-ATPase can be used to power

other enzymatic reactions such as ion pumps and cytoskeleton rearrangement.

Reconstituting proteins in polymer membrane allows compartmentalization of

these reactions and the potential to establish stable ion gradients.

Congruently, we have begun to apply the artificial membrane system to voltage-

gated ion channels and connexin in the pursuit of something termed an ‘‘excit-

able vesicle’’ (EV). In principle, EVs are nanoscale depolarizing units that mimic

neurons in their ability to produce and transmit an action potential. By incorpo-

rating ion channels and connexin proteins into vesicles, we are attempting to

distill the essential elements of excitable cells and to create an artificial neural

network capable of creating, distributing and utilizing action potentials.

Neurons can be described as electrochemical units which receive, process, and

transmit information in the form of electrical and chemical signals. The simplest

networks of neurons are found in invertebrates; for example, with no central

brain, flatworms have a collection of reflex neurons distributed throughout their

body, that forms a neural net. In its most basic form, the EV is similar to a sim-

plified, miniature neuron – a vesicle that contains voltage-gated sodium (Naþ)
and potassium (Kþ) ion-channels, and connexin incorporated into the membrane.

Connexin is a member of a large family of homologous membrane proteins

which form the channels for electrical and metabolic communication between

Fig. 21.3 F0F1-ATPase-based nanopropeller (from Ref. [32]). F0F1-

ATPase was engineered with histidine tags for placement on nickel

posts, approximately 80 nm in diameter. The nanopropeller (length

750–1400 nm, diameter 150 nm) is shown in the illustration to the

right.
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cells known as ‘‘connexons’’ or ‘‘gap junctions’’. Self-assembly and unique gating

properties allow the protein to be used in a modular fashion to selectively control

and tailor the electrical signal propagation between cells. Currently, we are recon-

stituting ion channels and connexin into polymer vesicles, and tests of protein

function are ongoing. In the future, Naþ/Kþ pumps will be required to re-

establish the resting membrane potential and allow multiple depolarizations. A

schematic diagram of an EV is shown in Figure 21.4.

Computer simulations investigating polymersome volume and ion concentra-

tions have been critical in design parameters such as vesicle size and protein

concentration. Simulations show that the ion channels can cause the EV to depo-

larize briefly, generating an electrical pulse roughly equivalent to that of a biolog-

ical neuron (Figure 21.5) [33]. Sodium channels provide the outflow of charged

ions, which produces a positive potential across the membrane, while potassium

channels restore the negative resting potential. The Naþ/Kþ pump ATPase in

these simulations [34, 35] re-establishes the resting ion concentrations across

the vesicle membrane and enables the EV to be formed without a resting poten-

tial and to depolarize multiple times. We have verified ion channel and connexin

function via planar black lipid membrane experiments, and are currently integrat-

ing these proteins into polymersomes. EV construction is ongoing, and while ion

channels are still performing their physiological roles they will be integrated into

a hybrid nanoscale system [33].

Fig. 21.4 Schematic diagram of an excitable vesicle (EV), showing

docked connexin proteins (green), ions (blue) and ion channels

(purple). The drawing is not to scale.
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Thus far, our protein polymer/lipid vesicles represent only a model system, and

it is important to recognize the myriad processes that occur at the membrane in-

terface. Receptor binding, signaling, and even cell motility all rely on interactions

with membrane bound proteins. Many of these operations can potentially be re-

produced in this artificial setting, making it a platform capable of harnessing the

work of functional membrane proteins as they are discovered. However, in order

to create useful devices, the preserving protein function and vesicle integrity must

be made more robust, and our group – along with other laboratories – has begun

to address this issue [36]. Nevertheless, the polymer vesicle system remains a

platform which is capable of harnessing the work of functional membrane pro-

teins as they are discovered.

21.4

Harvesting Energy

On a modestly larger scale, we have also investigated the benefits of fusing the

myosin-powered actin contractile machinery of cardiomyoctyes with a piezoelec-

tric transducer. The aim of this device is to have the cells convert chemical energy

into electrical power via charge separation within the piezoelectric material.

Fig. 21.5 A sample action potential output from a stochastic model of

a 600 nm-diameter lipid vesicle. A small stimulus current (0.3 pA) was

applied at 2 ms. There was no Na/K pump activity. ‘‘Leaks’’ were

allowed only from the gating action of ion channels. The system was

very sensitive to initial conditions and channel conductance values.

(Illustration courtesy of J. Isobe.)
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The proliferation of increasingly smaller mechanical devices has challenged en-

gineers to develop power sources the weight and volume of which are not dispro-

portionately larger than the systems they power. Traditional power supplies such

as batteries have limited lifetimes, and may not be a viable choice if replacement

or recharging of the battery is necessary, as in implantable devices [37]. The

search for ‘‘self charging’’ and integrated power supplies will be especially press-

ing in the near future as more implantable micro-electro-mechanical systems

(MEMS) devices are produced.

The development of efficient microscale transducers and generators has fos-

tered development in the area of energy harvesting from ambient sources such

as vibrations, thermal gradients, and light, for the creation of electricity. Identi-

cally, we are developing a power supply that is capable of converting chemical en-

ergy into electrical energy through the use of living tissue and piezoelectricity.

Our muscle-powered piezoelectric microgenerator integrates neonatal cardiac my-

ocytes, with a PVDF-TrFE-coated cantilever bridge, with piezoelectricity properties

capable of converting force transduction into electrical energy. This type of gener-

ator is particular suited for implantable devices as it can use the body’s own

chemical energy to power the cellular machinery. Applicable devices include pace-

makers, deep brain-stimulating electrodes, and wireless sensors, to name a few.

21.5

Methods

So far, we have discussed a wide variety of hybrid devices, but we will now pres-

ent a summary of the methodology actually used to create our biomimetic and

cellular-MEMS constructs.

21.5.1

Muscle Power

Previously, we have demonstrated the fusion of biotic cells with abiotic MEMS

devices by culturing cardiac myocytes onto silicon (Si) cantilevers (Figure 21.6)

[38]. The key to this innovative approach is to separate the MEMS fabrication

from the cell culture work and to interface them together using a thermorespon-

sive polymer. Before conducting any cell culturing, the MEMS devices are fabri-

cated according to traditional surface micromachining techniques. When the

devices have been released and characterized, a thermoresponsive polymer, poly-

N-isopropylacrylimide (PNIPAAm), is deposited on the MEMS structure; this

provides a solid sacrificial substrate for cellular adhesion that is biocompatible.

PNIPAAm has been previously considered as an intelligent substrate for har-

vesting intact cells [39]. PNIPAAm is a solid at temperatures greater than 32 �C,
but undergoes a solid–liquid phase transition as it is cooled; moreover, it can also

dissolve in the surrounding medium, without having any harmful effects on bio-

logical components. We have applied this technology to the development of a
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muscle-powered piezoelectric microgenerator (Figure 21.7). Piezoelectric mate-

rials have been increasingly used for power generation as energy harvesting has

become more prevalent. Polyvinylidene fluoride (PVDF) and its copolymer PVDF

(polyvinylidene fluoride)-TRFE (trifluoroethylene) are of great interest because of

their strong piezoelectricity and elasticity. PVDF is a semicrystalline homopoly-

mer, which was shown to have a strong piezoelectric coefficient [40]. Its copoly-

mer PVDF-TrFE crystallizes to a much greater extent than PVDF, yielding a

higher remnant polarization, lower coercive field, and much sharper hysteresis.

After applying poling with a high electric field, the coulombic interactions be-

tween injected and trapped charges and oriented dipoles in crystals make the

Fig. 21.6 A silicon cantilever is deflected laterally due to the force of

contraction, 48.6 mN, of the attached self-assembled cardiomyocyte

bundle. Scale bar ¼ 100 mm.

Fig. 21.7 Schematic of the cardiomyoctye piezoelectric generator. The

green portion indicates the area of cardiac myocyte assembly.
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polarization stable [41]. When a PVDF-TrFE film is stretched in the transverse di-

rection, the dipole crystalline structures realign due to the applied stress and an

internal field is created, causing charges to build up on the electrodes, producing

the voltage potential.

The external stress to bend the PVDF-TrFE film is supplied by ventricular my-

ocytes isolated from neonatal rats. Unlike mature muscle tissue, which must be

dissected and incorporated onto a MEMS device by hand using crude interfaces,

the neonatal ventricular myocytes selectively grow onto the device and differenti-

ate into tissue bundles in situ. Additionally, ventricular myocytes are auto-

rhythmic and therefore do not require any external stimulus to initiate muscle

contraction. Once differentiated and networked into a tissue bundle, the heart

muscle begins to contract spontaneously. At this point, the culture medium tem-

perature is lowered below 32 �C (the PNIPAAm transition temperature), which

allows the polymer to dissolve into the medium, thus releasing the structure.

The structure is now free to bend according to the bending moment applied by

the attached muscle bundle, thus generating electricity.

21.5.2

ATPase and BR Devices

Coupled ATPase-BR vesicles require membrane formation and proper protein in-

tegration and orientation. By first dissolving the polymer in ethanol and then add-

ing it drop-wise to water, vesicles on the order of 100 nm are formed spontane-

ously [42]. Varying the concentration of these three components produces a wide

range of polymer morphologies. An extensive study using transmission electron

microscopy (TEM) has determined which combinations yield micelles, vesicles,

or crystallized structures. Furthermore, vesicle size distribution can be somewhat

controlled by manipulating these parameters, resulting in vesicles as large as

1 mm (Figure 21.8). Various applications require different vesicle sizes, often de-

Fig. 21.8 ABA triblock polymer vesicles in water. Scale bar ¼ 5 mm.
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pending on whether it is necessary for individual vesicles to be visible with light

microscopy. Larger vesicles are usually desirable for light microscopy, since object

resolution is ultimately limited by diffraction, leaving the sub-wavelength-sized

specimen obscured.

During polymer vesicle formation, purple membrane (the cell membrane from

Halobacterium salinarium, with an extremely high BR concentration) was incorpo-

rated and protein function tested. Protein can be added while the polymer is dis-

solved in ethanol, and will spontaneously enter the membrane when the mixture

is added to water or aqueous buffer. Changes in pH were assayed using the fluo-

rescence shift of the dye pyranine (8-hydroxy-1,3,6-pyrenetrisulfonate), which in-

dicated the successful light-driven pumping of protons. These studies indicate

that the polymer can fulfil the role of the cell membrane by isolating the compart-

ment from the outside world, limiting ion transport, and stabilizing membrane

proteins.

Coupling this proton gradient to ATP synthase reproduced the ATP-generating

behavior of the liposomes (Figure 21.9). Combining these proteins in a stable

polymer system provides a solar-powered biological energy source, capable of

driving additional biological reactions. ATP synthase, in a purified form, was

also incorporated in the same manner as BR, prior to vesicle formation. In this

case, the majority of the BR was oriented so that acidification of the liposome in-

teriors occurred. The formation of a proton gradient facilitated the function of

ATP synthase.

Fig. 21.9 Coupled ATP production from F0F1-

ATPase and bacteriorhodopsin (BR) in lipid

vesicles (from Ref. [26]). Samples contained

56 nM (30 mg mL�1) F1F0-ATPase, 5.3 mM

(137 mg mL�1) BR, and 3.3 mM liposome.

Experiments were performed at 40 �C in

dialysis buffer (20 mM Mops, pH 7.3, 50 mM

Na2SO4, 50 mM K2SO4, 2.5 mM MgSO4,

0.25 mM DTT, 0.2 mM EDTA). The inset

shows the linear regression analysis of

steady-state ATP synthesis from 40 to 140

min. The activity calculated from the slope

was 490 nmol min�1 mg�1 F0F1-ATPase.
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As the protons exited the vesicles via ATP synthase, ATP was synthesized in the

bulk solution. A standard luciferase assay was used where the enzyme luciferase

catalyzes the consumption of ATP by luciferin, which in turn generates light.

After 1 h, ATP production of approximately 1 mmol mg�1 ATP synthase was re-

corded [43]. The fact that ATP synthase can be incorporated to function from pu-

rified subunits suggests that many other proteins would be compatible with this

system. Consequently, we are currently seeking to utilize this ATP production sys-

tem and to integrate other membrane proteins with block copolymer membranes.

The initial investigations to address the stability issue, by reconstructing the

ATP synthesis process in the laboratory, was described in Section 21.2.2. How-

ever, a further challenge is to package the liposomes/polymer vesicles in such a

way that they can create useful devices, since desiccation and protein stability be-

come problematic over time.

One approach to this problem (again using the BR-ATP synthase system) is to

incorporate vesicles into a sol-gel matrix [44]. Whilst in previous studies the

vesicles or simple proteins had been incorporated into a sol-gel, this was the first

time that a complex synthesis system had been encapsulated within the polymer

matrix. Briefly, a sol-gel is a colloidal suspension of silica particles which has been

gelled, forming a solid but porous structure. The gel structure prevents desicca-

tion and also provides a more rigid stabilized system when compared to a purely

aqueous environment. The structure of the sol-gel also appears to prevent pro-

tease access and keeps vesicles trapped within the matrix. The process of trapping

enzymatic reactions within a sol-gel requires certain steps which should be appli-

cable to other, similar systems. For this studies proteoliposomes were used, as

lipid systems have been more thoroughly explored than their polymer vesicle

descendents.

First, proteoliposomes are formed with incorporated membrane proteins. As in

other experiments, no special steps are needed to orient the proteins (they tend

preferentially to insert with a particular orientation, most likely due to size/

structural differences between the two ends of the protein). The sol-gel is pre-

pared using a low-alcohol solution route. Tetramethylorthosilicate (TMOS) is

added to water and hydrolyzed under acidic conditions, providing the sol. Poly-

ethyleneglycol (PEG) is then added to the sol, preventing premature gelation and

providing a protecting environment for the liposomes. At this point, the metha-

nol generated in the hydrolysis reaction is evaporated and buffer is added to the

proteoliposomes. The sol-gel proteoliposome mixture (proteogel) is finally cast,

being used to form either monoliths or films.

The initial results have indicated that vesicles in the sol-gel remained active for

weeks, demonstrating behavior similar to that observed with vesicles in solution.

A pyranine-based assay recorded a pH change with light exposure, indicating

light-driven BR pumping of protons. Additionally, with BR-ATP synthase vesicles,

ATP production was observed over time. When incubated with a protease, the

proteogel retained protein function, whereas an equivalent liquid solution

showed a marked decrease.
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21.5.3

Excitable Vesicles

Extensive investigations have been conducted patterning neurons on microelec-

trodes. Indeed, the growing of neurons on electrodes in defined geometries has

applications in neurolelectric circuits, drug testing, and biosensors [45]. The pri-

mary disadvantage of using fully differentiated central nervous system neurons

is that almost none divides, thus limiting device integration capabilities. Two

other disadvantages include harvesting difficulties and the mixture of cell types,

making neuronal-based electrical recordings somewhat dubious as the glial cells

continue to grow and can modify synaptic transmission between cells. Investiga-

tions into integrating neurons with silicon devices has largely been dedicated to

microelectrode readings in, or simulations of, excitable tissue [46–49]. In-vitro
analysis has included electrical readings from both cultured neurons and whole-

brain slices, for example of guinea pig and ferret thalamocortical neurons [50,

51]. In both cases, cultured cells must be harvested from the animal specimen,

sometimes creating a mixture of both glial and neuronal cell types, but ultimately

creating cultures with a limited life span.

The use of EVs can eliminate these difficulties, as they can be tailored to spe-

cific dimensions with desired protein concentrations. Using biomimetic polymer

(as mentioned above) also makes their construction more robust then the lipids

of the cell membrane. Preliminary studies involved modeling the excitable behav-

ior of EVs using prokaryotic channel proteins, and to date the first ion channels

purified have been the sodium channel NaChBac and potassium channel KvAP

[52, 53], both from Escherichia coli. Connexin 43 (Cx43) has also been purified

from insect cells using a baculorvirus expression system [54]. As with F1F0-

ATPase and BR, the proteins are presently being reconstituted into lipid and poly-

mer vesicles for testing.

21.6

Outlook

In this chapter we have discussed several different nanoscale hybrid devices and

their associated construction methodology. While assembly is ongoing, the poten-

tial for protein and cellular devices focused on energy conversion is excellent. As

we continue to discover novel ways of fusing various synthetic and natural com-

ponents, more functionally varied devices will follow. Clearly, the variety in these

studies bespeaks the possible diversity in this area.

The proteogel system shows potential for prolonging life and preserving the

function of nanoscale protein-vesicle systems. Indeed, it may enable these sys-

tems to be used in environments which are normally hostile to hybrid biosys-

tems. The demonstration of ATP production is a good model system as it is an
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essential component for almost all biological reactions. This packaging system

would likely be applicable to many other biological nanosystems, where the com-

ponents must be hydrated and protected. If there is a drawback, it is that the ATP

produced is distributed throughout the sol-gel matrix.

Similarly to the proteopolymersomes in adaptability, the hybrid muscle genera-

tor system is capable of fusing cardiac myocytes with any number of MEMS

structures. The beauty of the myocyte generator is that the cardiac myocytes, if

derived from stem cells, would be biocompatible with the host. In addition, as

long as the myocytes remain viable there would be no need to replace or recharge

the generator’s contents, as is the case with current power supplies for implant-

able devices. At this stage of development, the energy generated is still too low to

be useful for macroscale applications; however, as device size scales down so do

power requirements, and in such scenarios a fusion of power generation to the

device itself can provide an elegant solution to a complex problem.

A network of EVs would offer a means of biological computation with exten-

sive utility in many areas, and offer tremendous research opportunities in

areas such as neuroscience, mathematics, biophysics and computer processor de-

sign. EV networks may be used to examine complex emergent system funda-

mentals such as network dynamics and system evolution; they may also provide

insight into Cristof Koch’s ‘‘Neuronal Correlates of Consciousness’’ [55], a cur-

rently unmapped series of neural events linked to consciousness. One com-

plication for studying these correlates, specifically, when examining the indivi-

dual cells responsible for signal generation, is the low resistivity of neuronal

tissue to current flow and the shielding effects of the skull [55]. Investigations

involving individual neurons and their neighbors also lack the totality of the ex-

tremely interconnected system network, and the distribution of one such series

of events.

A recently proposed method for recording an ensemble of neuronal firing

events without the need for invasive microelectrodes involves fluorescently re-

sponsive ion channels [56]. Indeed, studies conducted by Ataka and Pieribone

[57] have brought this idea closer to reality by producing a modified form of the

green fluorescent protein within a voltage-gated sodium channel. The protein

construct was capable of reporting depolarizations via a change in fluorescence

on a 2-ms time scale [57]. Furthermore, photosensitive ion channels have been

constructed which provide the possibility of an optically controlled gating mecha-

nism [58]. Together, it is conceivable that protein constructs such as these could

provide an optical method both to direct input and to gather output from an EV

network or biological neural net in an extremely efficient manner, without the

need for hard-wired electrodes.

These previously described cellular and protein-based devices share both the

promise for novel functionality and the need for integration sensitive to biological

molecules. While our current studies have several aims, we believe that they mir-

ror the prodigious mixture of research involved in engineering biologic devices at

the nanoscale.
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3DP, see printing

a
AAAþ ATPase 387

ABA polymersome 404ff.

abraxane2 276

AC, see alternating current

acetylcholine (ACh) 10

acetylcholine esterase (AChE) 104

– AChE/ChOx enzyme cascade 106

– Au NP 106

acetylthiocholine 104

ACh see acetylcholine
AChE, see acetylcholine esterase

actin 385

adaptive structure 39

ADDL, see amyloid-b-derived diffusible

ligand

adenosine triphosphate, see ATP
adenovirus (ADV) 53

adrenaline 101

AFM, see atomic-force microscopy

affinity

– biomolecular 216ff.

Ag, see silver
aggregate 4

– cyclic peptides 4

– ion pair 4

– sterol-polyamine 4

akaganeite 55

albumin 298

ALD, see atomic layer deposition

alkaline phosphatase 101

– Au NP-functionalized 114

alkanethiol

– self-assembled monolayer 356

alkyl thiol

– cantilever 180

alternating current (AC) 200

Alzheimer’s disease 20, 167

amelogenin 45

8-aminonaphthalene-1,3,6-trisulfonate, see
ANTS

aminopropyltriethoxysilane (APTES) 53

amphotericin B 5ff.

amplification

– multiple 134

– NP-based 137

b-amyloid 20, 167

amyloid plaque 167

amyloid-b-derived diffusible ligand (ADDL)

167

amyloidosis 22

analyte headspace 184

analytical ultracentrifugation 34

angiogenesis 269, 333, 366ff.

angioplasty 373

antibody 136, 167, 180ff., 226, 237ff., 367ff.

– cantilever 180

– immobilization 71, 136, 243

– monoclonal 180

– NP 136

– NSL-fabricated NP surface 167

– single-chain fragment (scFv) 185

antigen binding rate 219

– on/off 219

antisense therapy 287

ANTS (8-aminonaphthalene-1,3,6-trisulfonate)

12

apoferritin 327

apolipoprotein 268

– A-I 26

apoptosis 334

– FRET-based apoptosis-detecting

poly(amidoamine) dendrimer 311

aptamer 136, 272ff.

– immobilization 136

– nucleic acid 272
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APTES, see aminopropyltriethoxysilane

array

– cantilever 177ff.

– sensor 176

– two-component array of antibody 237

array sensor 176

– cantilever 176

artificial ion channel

– activity 10

– blockage 10

– self-assembled 3ff.

artificial nose 185f.

assay

– fluorescent resonance energy transfer

(FRET)-based 146

– ultrasensitive particle-based 134

assembly, see also self-assembly

– coiled-coil 19ff.

– DNA 20, 79ff.

– DNA-linked particle 132

– DNA programmed patterned 87

– domain-swapped protein 26

– fractal pattern 30

– homodimer, trimer, tetramer and

pentamer 20

– layer-by-layer (LBL) 135

– linear peptides 22

– nanofiber 27

– nanoparticle 39ff.

– peptide-based 21ff.

– protein fragment 25

atherosclerosis 368

atherosclerotic plaque 367

atomic force microscopy (AFM) 197, 234

– DNA 91ff.

– tapping mode 201

atomic layer deposition (ALD) 163

ATP (adenosine triphosphate) 385ff., 404ff.

– ATPase 404ff.

– BR-ATP synthase system 413

– F0F1-ATPase 404

– hydrolysis 388

– synthase 405ff.

attachment

– covalent 66ff.

Au NP, see gold nanoparticle

azobenzene 7

axon extension 352

b
Bacillus anthracis 187

bacterial toxin 269

bacteriorhodopsin (BR) 404

– ATP synthase system 413

– device 411ff.

bilayer

– lipid 404

– planar 10

– vesicle 11

bimetallic effect 181

bioanalysis 175ff.

bioassay

– electrochemical 125, 137

– particle-based 125

– superamplified 135

biocompatibility 306ff.

– material 356

biodegradability 353

biodetection

– DNA-based 250

biodistribution 276

biofuel cell 68

biomineralization 56, 201

biomolecular sensor 213ff.

bionanoarray 233

biopassivation 226f.

biophysical methods 34

biopolymer 40ff.

biosensing 142ff.

– glucose 107

biosensor

– electrochemical 137

– electronic 70

– fluorescent resonance energy transfer

(FRET) 66

– optical 66

block copolymer 289

blood 264

– half-life 325ff.

– nanocarrier 264

BR, see bacteriorhodopsin
brain cancer 214

breast cancer 269ff.

Brownian ratchet 392

bone-like hybrid material 42

bundle

– water-soluble surface 19

c
cadmium sulfide nanoparticle 51

– tag 130

cage structure 47

calcination 40

calixarene-cholic acid 5

calorimeter 181

calveolae 270

cancer 215

– drug delivery 305ff.

– imaging 337

– in-vitro diagnosis 213ff.
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cantilever 176ff., 237

– adsorption-induced stress 188

– application 179f.

– difference measurement 185

– functionalization 181ff.

– measurement mode 180f.

– metal ion sensing 186

– micromolded 186

– passivation layer 178

– piezoelectric 186

– protection layer 179

cantilever array

– experimental procedure 184

– inkjet spotting 183

– sensor 176ff.

capillary force lithography 355

capping strategy 150

carbodextran 325

carbon nanotube (CNT) 213ff.

– DNA 91

– drug delivery 278

– multi-wall (MWNT) 91

– single-wall (SWNT) 91, 216

5(6)-carboxyfluorescein, see CF
carcinoembryonic antigen (CEA) expression

337

cardiomyocyt 408f.

cargo 395

CEA, see carcinoembryonic antigen expression

CCMV, see chlorotic cowpea mottle virus

cell

– cell interaction 351

– drug delivery 305ff.

– embryonic stem (ES) cell 350

– entry 272

– human mesenchymal stem (hMSC)

350

– in-vivo imaging 142ff.

– motility 248

– neural stem cell differentiation 352

– penetrating peptide (CPP) 272

– QD bioconjugate 142

– shape 248, 350

– soluble factor interaction 351

– substrate interaction 347

– targeting 268

cellulose 40f.

cellulose/silica material 40

cerebral spinal fluid, see CSF
CF (5(6)-carboxyfluorescein) 12

channel, see also artificial ion channel or
ion channel

– current 204

– gated 4ff.

– ligand-gated 9

– light-gated 7

– monomolecular 5

– non-gated 3

– voltage-gated 7f.

chaperonin 47

charge-transfer complex 9

chemisorption 74

b-chitin 41

chitin/silica composite 42

chlorotic cowpea mottle virus 49

– cage 49

CNT, see carbon nanotube

cholesteric organic/inorganic hybrid material

40

cholesterol 270

cholic acid 6

choline oxidase (ChOx)

– AChE/ChOx enzyme cascade 106

– Au NP 106

circular dichroism 34

CLIO, see iron oxide

cluster dendrimer 312

CMOS, see complementary metal-oxide

semiconductor

co-precipitation 325

coating 181

coiled-coil building block 30

coiled-coil design 20

– heterodimer, trimer and tetramer

20

– metal- and heme binding 20

collagen 18ff., 367ff.

– triple helix 22

complementary metal-oxide semiconductor

(CMOS) 186

complement

– activation 277

– receptor 267

complexity 39

concanavalin A 58

conductivity detection

– NP-induced 129

conductivity immuno assay 130

conjugation 289

– strategy 149ff.

connexin 406ff.

connexon 407

contrast agent 321ff., 366

– magnetic NP 322

– poly(amidoamine) dendrimer 312

converter domain 389

copolymer

– block 289

– polyvinylidene fluoride (PVDF) 410

– triblock 403
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copper

– Cu0 deposition 111

– ion 9

covalent protein-NP conjugation 66ff.

– bifunctional linker 74

– chemisorption 74

cowpea mosaic virus (CPMV) 51, 253

CPP, see cell penetrating peptide

crown ether 5

crystallography 386

CSF (cerebral spinal fluid) 167

CT 374

cupric ferrocyanide NP 107

– enzyme-stimulated synthesis 107

– organophosphorus pesticide 107

current squeezing effect 198ff.

b-cyclodextrin 5

d
DC, see direct current
DDA, see discrete dipole approximation

Debye screening 218ff.

dendrimer 25, 90, 287, 305ff.

– cluster 312

– nanocomposite 308

– poly(amidoamine) (PAMAM) 306ff.

deoxyribonucleic acid, see DNA
deposition

– layer-by-layer 358

dextran 275, 325

diagnosis

– in-vitro 213ff.

diagnostics

– cantilever array sensor 175ff.

dialkylnaphthalene 9

dimer

– cyclic peptide 5

– b-cyclodextrin 5

– resorcinarene 5

dip-pen nanolithography (DPN) 113, 234

– DNA 235ff.

– DNA chip 250

– Au NP/GOx conjugate 114

– ink 114

– nanoarray 250

– protein 235ff.

– virus particle 235, 253

direct current (DC) 199f.

discrete dipole approximation (DDA) 160ff.

disulfide bond 29

DNA (deoxyribonucleic acid) 40ff., 79ff.,

126ff.

– AFM 91ff.

– Ag NP 99

– 5 0 alkylamine-modified 250

– alkylthiol-modified 250

– annealing for assembly 92

– assembly 20

– cantilever 180ff.

– chip 250

– detection by quartz-crystal-

microbalance 100

– DNA-linked hybrid nanostructure 43

– DPN 235ff.

– electrical detection 126ff.

– gene therapy 287

– immobilization 136, 250

– nanotechnology 402

– nanotube 82

– NP self-assembly 43

– NP-conjugate 89

– self-assembly 402

– single-stranded (ss) 226

– surface-enhanced resonance Raman

scattering (SERRS) 99

DNA hybridization 99, 180ff.

– detection 127ff.

– electrochemical detection 135

DNA lattice 81ff.

– three-dimensional (3-D) 88

– two dimensional (2-D) 82

DNA nanoarray 89, 249

– immobilization 250

– preparation 249

– self-assembled, 2-D 251f.

DNA nanostructure 79ff., 252

– branched base-pairing complexes 80

– complexity 93

– programmed patterning 84

– self-assembly 79ff.

– three-dimensional (3-D) 83

DNA tiles 81ff.

– double-crossover complex 81

– triple crossover complex 81

DNA-streptavidin-conjugate 87

– immobilization of antibody 71

– signal amplification 71

domain swapping 26

l-DOPA 101ff.

dopamine 101

doxorubicin 266ff., 289, 372

DPN, see dip-pen nanolithography

DPX (p-xylenebis(pyridinium)bromide) 12

drug

– carrier 305

– delivery 208, 278, 286, 305ff.

– rational drug dosing 367

– therapeutic 366f.
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duty ratio 390

– low 392

dye

– cantilever 180

dynamer 57

dynamin 270

dynein 383

e
E-selectin expression 333f.

EBL, see electron beam lithography

ECL, see electrochemiluminescence

ECM, see extracellular matrix

EDA, see ethylene diamine

EDC (1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide hydrochloride) 250

elastin-like polypeptide (ELP)

– nanostructure 246

electrical coding 130f.

electrical DNA assay 132

electrochemical bioaffinity assay 125

– biosensor 134

– NP-based 126

electrochemical stripping detection 132

electrochemiluminescence (ECL) 134

electrode

– ion-selective 12

electrolyte 218ff.

electron beam 161

electron beam lithography (EBL) 238f.

electron microscopy 34

electron transfer mediator 104

– transition metal complex 104

electronic biosensor 70

electronic hybridization

– quantum dot-based 132

electropolymerization 136

electrospinning 353ff.

ELISA (enzyme-linked immuno sorbent

assay) 213ff.

ELP, see elastin-like polypeptide
embryonic stem (ES) cell 350

encapsulation complex 308

endosome 272

endothelial growth factor (EGF) receptor 2,

see Her2/neu

energy 408ff.

– solar-powered biological energy source

412

engineered transferring receptor (ETR) 335

enhanced permeability and retention, see EPR
enzyme

– metallic NP 100ff.

– NP modification 117

– redox 104

enzyme-linked immuno sorbent assay, see
ELISA

EPR (enhanced permeability and retention)

266, 287, 307

ES, see embryonic stem cell

ethanol

– optical analysis 113

ether conjugate 5f.

– peptide-crown 5

ethylene diamine (EDA) 313

ETR, see engineered transferring receptor

excitable vesicle (EV) 406ff.

extracellular matrix (ECM) 30, 246ff., 264,

350

f
F0F1-ATPase 404

FA, see folic acid
FACS, see fluorescence-assisted cell-sorting

analysis

ferritin 43, 327

– ferritin-like protein 46

ferrocene 128

– Au NP-conjugate 128

FET, see field effect transistor

FFCP (4-(trifluoromethoxy)phenylhydrazone)

11

fiber 22

– linear peptide 22

– nanofiber 27

fibril 24

fibrillogenesis 24ff.

fibrin 366ff.

fibronectin 248

field effect transistor 216ff.

– ion 216

filament 385

finite-difference time-domain (FDTD) method

160ff.

fluid mosaic model

– Singer-Nicholson 403

fluorescence 12, 208

– pH-sensitive dye 12

– two-photon optical fibre fluorescence

(TPOFF) 315

fluorescence-assisted cell-sorting (FACS)

analysis 337

fluorescent resonance energy transfer (FRET)

66, 146ff.

– apoptosis-detecting 311

– quantum dot 146

fluorophore coupling 50

fluorophore-quencher pair 12
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Fmoc-strategy 33

focused ion beam (FIB) lithography 292

folate 289

folic acid (FA) 309

– receptor (FAR) 309

force 394

– generation 388

– stall 394

Fourier transform infrared and UV-visible

spectroscopy 34

FRET, see fluorescent resonance energy
transfer

fumagillin 372

functionalization 183ff.

– microfluidic network (mFN) 182

functionalized surface 178

FWHM, see spectral peak

g
G-protein 387

gadolinium 297, 366

gap junction 407

gecko tape 402

gel 30

gel-solution transition 32

gene

– expression 335

– splicing 402

GFP (green fluorescent protein) 240

glioblastoma 214f.

glucose 105

– microcantilever 187

– sensing 100

glucose oxidase (GOx) 45, 105ff.

gold nanocage 271

gold nanoparticle (Au NP) 21, 44ff., 99ff.,

126ff., 241

– absorbance spectra 102

– AChE/ChOx enzyme cascade 106

– antigen-antibody complex 99

– based stripping procedure 127

– conjugate 89

– Cu0 deposition 111

– deposition 101

– DNA 89, 99

– dopamine 101

– growth mechanism 106

– H2O2 101

– label 99

– NADþ-dependent biocatalytic
transformation 113

– NADH-stimulated 108ff.

– oligonucleotide-modified 249

– shaped 112f.

– streptavidin-coated 133

gold nanorod 285

gold nanowire 114

GOx, see glucose oxidase

gramicidin A 4

green fluorescent protein, see GFP

h
half-channel dimer 5

heat shock protein (HSP) 46ff.

a-helix 18, 30ff.

helix-helix-interface 25

hemoglobin (Hb) 45

hepatotoxicity 277

heptad repeat 19

Her2/neu (human endothelial growth factor

[EGF] receptor 2) 310, 338

– expression 337

– tyrosine kinase 269

herpes simplex virus (HSV) 49

heterodimer

– sticky-ended 22ff.

hMSC (human mesenchymal stem cell), see
cell

Holliday junction 81f.

hopping 390

HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid

trisodium salt) 12

HRE domain 42

HSP, see heat shock protein

HSV, see herpes simplex virus

hybrid cellulose/silica nanocomposite 40

hybrid nanostructure

– DNA-linked 43

– self-assembly 42

hybridization assay 131

– electrochemical triple-amplification

127

hydrogel 31f., 291, 355

– coiled coil 33

hydrogen bonding 40f.

hydrophobic residue 19

8-hydroxypyrene-1,3,6-trisulfonic acid

trisodium salt, see HPTS

i
identification sphere 131

imaging 141ff.

– cell 142ff.

– in-vivo 142ff.

– shear force controlled 205f.

– tissue 142

– ultrasound imaging 373
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imaging agent 365f.

– nanocarrier-mediated delivery 263ff.

immobilization

– antibody 71

– DNA 250

– protein 243

– virus 253

immunoassay 214

– quantum dot 146

immunoglobulin 130, 267

immunohistological analysis 332

immunoliposome 271

immunosensor array

– label-free 187

imprint lithography 294

indium 374

inkjet spotting 183

– functionalization 183ff.

integrin 366ff.

– receptor 267

interaction

– cell-cell 351

– cell-soluble factor 351

– cell-substrate 347

– cell-surface 246

– molecular motor 395

– non-covalent 17, 31

iodinated oil 374

ion channel 406f.

– activity 10ff., 208

– aggregate 4

– artificial 3ff.

– gated 6ff.

– ligand-gated 9f.

– light-gated 7

– monomolecular 5f.

– non-gated 3

– peptide-based 4

– voltage-gated 7

ion current measurement 204

IQ motif 389ff.

iron oxide

– cross-linked (CLIO) 326

– water-soluble (WSIO) 329ff.

iron oxide nanoparticle 286, 325

– dextran-coated 325

– 2,3-dimercaptosuccinic acid (DMSA)-

coated 329

– monocrystalline (MION) 326ff.

– non-hydrolytically synthesized 329

– polycrystalline 325

– polyethylene glycolylated 329

– polymeric phosphine oxide ligand

329

– silica-coated 325

– toxicity 342

k
Kþ channel 208

kinesin 383

– light chain 395

kinetics

– surface binding assay 219ff.

Kupffer cell 268

l
laser trap 394

LBL, see assembly, layer-by-layer

LCST, see lower critical solution temperature

leakage current 204

leucine zipper 20ff.

– heptad 30

– self-assembling 32

lever arm 389ff.

LHRH, see luteinizing hormone-releasing

hormone

ligand 142ff., 268ff.

– targeting 365

linker 275

– belt-and-braces 21

– bifunctional 74, 137

– peptide-based 21

lipid

– bilayer 404

– membrane 403

liposome 273ff., 286ff., 405ff.

– biodistribution 276

– drug delivery 273

– lipoplexes 274

– long-circulating 289

lithography 292

– AFM-based 234ff.

– capillary force 355

– electron beam (EBL) 238f.

– focused ion beam (FIB) 292

– imprint 294

– nanoimprint (NIL) 240

– nanosphere (NSL) 241

– photolithography 292f.

– soft 354f.

local dielectric environment 159

localized surface plasmon resonance (LSPR)

159ff.

– biosensor 159ff.

– nanofabrication 162

– spectroscopy 162

lower critical solution temperature (LCST)

246
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LSPR, see localized surface plasmon

resonance

lumazine synthase 46

luminescent semiconductor nanocrystal

141ff.

luteinizing hormone-releasing hormone

(LHRH) 310

lymphoma 269

lysosome 267

m
macropinocytosis 270

magnetic bead 133

magnetic resonance imaging (MRI) 321ff.,

366

– contrast agent 312

– NP-assisted 322f.

– T2-weighted 332ff.

magnetic moment 323

– size-dependent 323

magnetic relaxation process 322

– spin-spin relaxation 322

magnetodendrimer 327

– core size 327

– saturation magnetism 327

– T2 relaxivity 327

magnetoferritin 327

– blood half-life 327

– T2 relaxation 327

magnetoliposome 327

– core size 328

– T2 relaxivity 328

MALDI-TOF (matrix-assisted laser

desorption/ionization-time of flight) 314

5-maleimidofluorescein 51

mannose 58

mass magnetization 323

matrix 30f.

– extracellular (ECM) 30

– a-helical fibrillar 30

– programmed 30

matrix-assisted laser desorption/ionization-

time of flight, see MALDI-TOF

Mb, see myoglobin

MCLCP, see polymer

melanosome 395

melt-blowing 353

membrane protein 403

MEMS, see micro-electro-mechanical system

16-mercaptohexadecanoic acid, see MHA

3 0-mercaptopropyltrimethoxysilane, see
MPTMS

mesenchymal stem cell

– human (hMSC) 350

mesoscale particle 90

mesoscale underaddressed functionalized

features indexed by shape (MUFFINS)

293

mesoscopic fiber 26

metal and heme binding coiled-coil system

20

metal deposition

– NP 99ff.

metal nanowire 113

– Au NP 113

metallic nanocircuitry 117

– biocatalytic template 117

metallic nanoparticle 43, 100ff., 126ff., 308

– cofactor-induced synthesis 107ff.

– enzyme-stimulated synthesis 100ff.

– glucose-sensing 100ff.

– surface modification 116

– synthesis 107

metastasis 266

MHA (16-mercaptohexadecanoic acid) 250ff.

micelle 286ff.

– core-surface cross-linked 290

micro-electro-mechanical system (MEMS)

409

microcontact printing (mCP) 240, 355

microemulsion 291

– inverse 291

microfabrication 355

microfilament 383

microfluidic environment 222

microfluidic gradient generator 352

microfluidic network (mFN) 182

microfluidic patterning 355

microfluidics 189, 222ff., 291f.

microfluidizer 368

microgenerator

– piezoelectric 409

micromolding 355

microorganism 39, 52ff.

microtubule 383

– minus end 395

mineralization 40

mineralized biology 54

mini-emulsion technique 291

miniaturization

– protein assay 244

MION, see iron oxide nanoparticle

mitochondrial membrane permeability 311

molecular assembly 79ff.

– patterned 79ff.

molecular dipole 8

molecular imaging 321ff.

– angiogenesis 333
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molecular imaging (cont.)
– apoptosis 334

– cancer imaging 337

– gene expression 335

– infarction 332

– inflammation 332

– magnetic resonance 331

molecular motor 383ff.

– interaction 395

mononuclear phagocyte system (MPS) 263,

306

motor domain 386f.

– minus end 393

– plus end 393

motor-cargo interaction 395

MPS, see mononuclear phagocyte system

MPTMS (3 0-mercaptopropyltrimethoxysilane)

250

MRI, see magnetic resonance imaging

MUFFINS, see mesoscale underaddressed

functionalized features indexed by shape

muscle power 409

MWNT, see carbon nanotube

myoblast 348

myocyte 411

myoglobin (Mb) 45

myosin 383

– converter domain 393

– light chain 389

n
NADH (nicotinamide adenine dinucleotide)

107

– Cu0 deposition 111

– metallic NP synthesis 107

NADPH (nicotinamide adenine dinucleotide

phosphate) 107

– metallic NP synthesis 107

nanoarray 242ff.

– DNA 249f.

– DNA immobilization 250

– DNA preparation 249

– DPN 250

– dynamic 246

– motile 246

– protein 242f.

nanobiotechnology 99f.

nanocage 271

– gold 271

nanocarrier 263ff.

– smart 276

– toxicology 277

nanocircuitry 117

– biocatalytic template 117

nanocontact printing (nCP) 240

nanocrystal 126ff.

– inorganic 126ff.

nanocube

– silver 166

nanodevice 401ff.

– hybrid 401ff.

nanofabrication 223ff.

nanohybrid 69

nanoimprint lithography (NIL) 240

nanomedicine 285

nanomotor

– biological 383ff.

nanoparticle (NP) 21, 65ff., 159

– array 162

– biocompatible 323

– cadmium sulfide 130

– composite material 349

– conductive path across electrodes

99

– contrast agent 321ff.

– core shell copper-gold 134

– covalent protein-conjugate 66ff.

– cupric ferrocyanide 107

– deposition of metal 99

– delivery of therapeutics 263ff.

– diagnostic targeted 365ff.

– dipod, tripod, tetrapod 112

– electrochemical bioassay 125

– enzyme-stimulated synthesis 100ff.

– glucose-sensing 100

– gold 21, 99ff.

– gold-coated iron core-shell 134

– inorganic 321ff.

– iron oxide 323

– label 99ff., 132

– LSPR 161

– magnetic 321ff.

– medicine 285ff.

– metallic 43, 100ff., 126, 308

– modification of enzyme 117

– monodisperse solution-phase 164

– multifunctional 305ff.

– non-covalent protein-conjugate 69ff.

– poly(amidoamine) (PAMAM)

dendrimer-based 306ff.

– polymeric 263

– self-assembled 44

– self-assembled monodispersed metallic

42

– semi-conductor 56, 90, 137

– shaped 112f.

– silica 43

– superparamagnetic iron oxide 323
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nanopattern 243ff.

– metallic 100ff.

– protein immobilization 243ff.

nanopipette 198ff.

– deposition 237

– double-barreled 238

nanopropeller 246

nanoreactor 43

nanorod 90, 285

nanoscale-linker system 20

nanosensor 222

– fabrication 223

nanosphere lithography (NSL) 161, 241

nanostructure 39ff.

– DNA 79ff., 252

– DNA-linked hybrid 43

– self-assembling from coiled-coil

peptides 17ff.

nanotechnology 285

– DNA 402

nanotopography 349ff.

nanotriangle

– solution-phase NSL-fabricated 164

nanotube (NT) 137

– carbon 213ff.

– label-free 213ff.

– nanosensor 226

nanowell array 163

nanowire (NW) 28, 113ff., 137, 213ff.

– label-free 213ff.

– metal 113f.

– nanosensor 226

– telomere 113

nCP, see nanocontact printing
neck linker 389

neural stem cell differentiation 352

neuron 348, 406

neurotransmitter 101

– Au NP 101

nicotinamide adenine dinucleotide, see
NADH

nicotinamide adenine dinucleotide

phosphate, see NADPH
NIL, see nanoimprint lithography

NMR

– 23Na 11

non-covalent protein-NP conjugate 69ff.

– electrostatic interaction 72

– metal-mediated complexation 73

– protein-ligand interaction 73

– refolding 71

– release 71

noradrenaline 101

NP, see nanoparticle
NSL, see nanosphere lithography

NT, see nanotube
nucleic acid, see also DNA or RNA

– aptamer 272

NW, see nanowire

o
oligonucleotide 50

– heat shock protein (HSP) 242ff.

– nanoarray 250

on/off antigen binding rate 219

opsonin 268

optical biosensing 66

– fluorescent resonance energy transfer

(FRET) 66

optical beam deflection 179ff.

organic/inorganic composite material

201

(organo)phyllosilicate 45

organism 39, 54ff.

Os(II) bispyridine-4-picolinic acid 105

p
P-loop motif 387

packing

– knobs-into-holes 19

paclitaxel 276, 297f., 372

PAMAM, see poly(amidoamine)

paraoxon 104

particle replication in nonwetting templates

(PRINT) 287ff.

passivation 274

patch-clamp experiment 208

patterning

– assembly-based 241

– microfluidic 355

pauciparameter 214

PCL, see polycaprolactone
PDMS, see polydimethylsiloxane

PEG, see polyethylene glycol

peptide 4f., 21f.

– amphiphilic 353

– coiled-coil 17ff.

– cyclic 5

– fibrous assembly 23

– folding 34

– library 271

– linear 22

– natural 27

– nonlinear 25

– peptide-folding motif 18

– peptide-crown ether conjugate 5

– SAF 24f.

– self-assembly 17ff., 353

– synthesis 33

– synthetic 40
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perfluorocarbon (PFC) 365ff.

– NP 365ff.

perfluoropolyether-based elastomer (PFPE)

294

pesticide

– organophosphorus 107

PFC, see perfluorocarbon
PFPE, see perfluoropolyether-based elastomer

PGS, see poly(glycerol sebacate)
pH-stat experiment 11

phage display 271

– in-vivo 271

phagocyte system 263ff.

– mononuclear cell 267

phagocytosis imaging 323

phase separation 353

phospholipid 289, 365

photolithography 292f.

photopolymerization 355

PIE, see polyethyleneimine

piezoelectric detection 179

– tuning fork sensor 203

piezoelectric microgenerator 409

piezoelectric transducer 408

piezoresistive detection 179

pinocytosis 270

PLGA, see poly(lactic-co-glycolic acid)
PLLA, see poly-l-lactic acid
PMMA, see poly(methylmethacrylate)

PNA, see polypeptide nucleic acid

PNIPAAm, see poly-N-isopropylacrylamide

poly-b-(1-3) glucose 41

poly-N-isopropylacrylamide (PNIPAAm) 409

poly-l-lactic acid (PLLA) 287, 353

poly-l-lysine 249

poly(amidoamine) (PAMAM) 306ff.

poly(amidoamine) dendrimer 306ff.

– biological property 306

– characterization 314

– encapsulation complex 308

– FRET-based apoptosis-detecting 311

– fluorescence 315

– MRI contrast agent 312

– multifunctional covalent 308

– physical parameter 315

– structure 306

– synthesis 313

– toxicity 307

– tumor cell 310

poly(aryl ether) 306

poly(cyanoacrylate) 297

poly(glycerol sebacate) (PGS) 356

poly(lactic-co-glycolic acid) (PLGA) 296,

350ff.

poly(methylmethacrylate) (PMMA) 239, 250

poly(propylene imine) (PPI) 306

poly(pyrrole) (Ppy) 296

polycaprolactone (PCL) 353

polydimethylsiloxane (PDMS) 182, 240, 292,

350ff., 404

polyethylene glycol (PEG) 274, 286, 413

– diacrylate 292

polyethyleneimine (PIE) 238

polyglutamate 10

polyhistidine 9

polymer

– ABA polymersome 404ff.

– amphiphilic 290

– biodegradable 287

– block copolymer 289

– drug conjugate 286

– main-chain liquid crystalline (MCLCP)

291

– triblock copolymer 403

polymer hydrogel

– stimuli-sensitive 31

polymersome 404ff.

polypeptide 42

– cyclic d,l-polypeptide 42

polypeptide nucleic acid (PNA) 91

polysaccharide 40

– cantilever 180

polyvinylidene fluoride (PVDF) 410

– copolymer 410

pore 264

position-sensitive detector (PSD) 179

PPI, see poly(propylene imine)

Ppy, see poly(pyrrole)
PRINT, see particle replication in nonwetting

templates

printing

– microcontact printing (mCP) 240, 355

– nanocontact (nCP) 240

– three-dimensional (3DP) 352ff.

processivity 390

prostate-specific antigen (PSA) 185ff.

prostate-specific membrane antigen (PSMA)

275

protein 18ff., 44, 126ff., 235ff.

– 3D folded structure 44

– A 243

– A/G 243

– assay miniaturization 244

– bioluminescent 149

– cantilever 180

– covalent NP-conjugate 66ff.

– DNA interaction 185

– domain-swapped 26

– DPN 235ff.

– electrochemical detection 126
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protein (cont.)
– fiber assembly using protein fragments

25

– G 243

– immobilization 243

– ligand interaction 73

– membrane 403

– misfolding 22

– non-covalent NP-conjugate 69ff.

– plasma 264

– protein interaction 18

– refolding 71

– release 71

– spherical cage morphology 46

– toolbox 404

proteopolymersome 415

proton carrier 11

Prussian blue staining 332

PSD, see position-sensitive detector

PVDF, see polyvinylidene fluoride

q
quantum dot (QD) 126ff., 141ff., 271ff., 286

– bioconjugate 142ff.

– FRET 146ff.

– luminescent 142ff.

– semiconductor nanocrystal 141ff.

quartz-crystal-microbalance 100

r
reactive ion etching (RIE) 163, 293

reactive oxygen species (ROS) 278

receptor 267ff.

– folic acid (FAR) 309

– integrin 267

– scavenger 267

– transferring 270

redox enzyme 104

refractive index unit (RIU) 164

RES, see reticuloendothelial system
resorcinarene 5

reticuloendothelial system (RES) 324ff.

reverse-phase evaporation 289

rhodamine 311

ribonucleic acid, see RNA
RIE, see reactive ion etching

RIU, see refractive index unit
RNA (ribonucleic acid) 271ff.

– aptamer 275

– gene-splicing 402

– ribozyme 402

– self-assembly 402

– small interfering (siRNA) 271

ROS, see reactive oxygen species

s
SAF, see self-assembling fiber

SAM, see self-assembled monolayer

safranin O 12

scanning confocal microscopy 207

scanning electron microscopy (SEM) 128

scanning ion conductance microscopy (SICM)

197ff., 237

– AFM distance control 200f.

– non-contact configuration 199

– shear force controlled 200ff.

– tapping mode based 201

scanning near-field optical microscopy

(SNOM) 207f.

scavenger receptor 267

Schizophyllan 41

Schottky barrier 218

SCIM, see scanning ion conductance

microscopy

SCK, see shell-crosslinked knedel

screen-printed electrode transducer 132

SEC, see size-exclusion chromatography

SELEX 252

self-assembled monolayer (SAM) 164

self-assembling fiber (SAF) 23ff.

– peptide 24ff.

self-assembly 39, 79ff., 152, 353

– algorithmic 84

– amphiphilic peptid 353

– directed 86

– DNA 79ff., 402

– DNA-based nanoparticle 43

– RNA 402

self-replicating system 20

SEM, see scanning electron microscopy

semiconductor nanocrystal 141ff.

semiconductor nanoparticle 56, 90, 137

sensing 142ff.

– environment 218

sensor

– biomolecular 213ff.

– nanotube 213ff.

– nanowire 213ff.

sequence-to-structure relationship 20

SERRS, see surface enhanced resonance

Raman scattering

shear force detection 202

b-sheet 22

shell-crosslinked knedel (SCK) 290

SICM, see scanning ion conductance

microscopy

silica nanoparticle 43

silica nanostructure

– one-dimensional 41
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silicon nanowire 216ff.

– n-type 216

– p-type 216

silver 128

silver nanocube 166

silver nanoparticle 126

silver nanowire

– Au NP-functionalized alkaline

phosphatase 114

– synthesis mechanism 114

silver/silver chloride (Ag/AgCl) electrode

204

Singer-Nicholson fluid mosaic model 403

single nucleotide polymorphism (SNP) 133

single photon emission computed

tomography (SPECT) 374

Si NW, see silicon nanowire

size-exclusion chromatography (SEC) 313f.

slithering 390

sticky end assembly 22

SNAP, see superlattice nanowire pattern

transfer

SNOM, see scanning near-field optical

microscopy

SNP, see single nucleotide polymorphism

soft lithography 354f.

solar-powered biological energy source 412

solid-phase peptide synthesis (SPPS)

– Fmoc-strategy 33

SPECT, see single photon emission computed

tomography

spectral peak

– full-width-half-maximum (FWHM)

162

sphingolipid 270

SPIO, see superparamagnetic iron oxide

splenomegaly 277

SPPS, see solid-phase peptide synthesis

stall force 394

stepping 390

striped metal microrod 131

SuNS, see supramolecular nanostamping

superlattice nanowire pattern transfer (SNAP)

223

– nanowire 224

superparamagnetic iron oxide (SPIO) 323,

335

superstructure

– cholesteric 40

supramolecular design

– coiled-coil peptides 18

supramolecular nanostamping (SuNS) 241

supramolecule 17ff.

surface

– energy 294

– modification 329

– passivation 274

surface enhanced resonance Raman

scattering (SERRS) 99

– nucleic acid hybridization 99

– spectra with Ag NP 99

surface stress 179ff.

– compressive 179

– resonance behaviour 188

– tensile 179

surfactant 289, 365

switch I motif 387f.

switch II motif 387ff.

SWNT, see carbon nanotube

synthesis

– block copolymer-mediated 40

– nanostructure 39ff.

– surfactant-mediated 40

– templated 40, 52

synthetic polymer-coiled-coil hybrid 31

t
T2 relaxivity 323ff.

technetium 374

tecto dendrimer 312

telomere 113

TEM, see transmission electron microscopy

template 39ff.

– biomolecular 39ff.

– biopolymeric 42

– synthesis 353

TEOS, see tetraethoxysilane
TER, see transepithelial electrical resistances
ternary coiled-coil assembly 20

tetraethoxysilane (TEOS) 53

tetramethylorthosilicate (TMOS) 413

therapeutic agent 366f.

– nanocarrier-mediated delivery 263

thiol-selective agent 50

thrombin-aptamer 108ff.

– Au NP 109

tight junction 206

tissue

– engineering 28, 347ff.

– factor 366ff.

titanium nitride 292

TMOS, see tetramethylorthosilicate

TNF-a, see tumor necrosis factor a

tobacco mosaic virus (TMV) 49, 253

toxicity

– poly(amidoamine) dendrimer 307

toxicology 277

– nanocarrier 277
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TPOFF, see two-photon optical fiber

fluorescence

transcytosis 264ff.

transducer

– piezoelectric 408

transepithelial electrical resistances (TER)

197

transepithelial permeability 264

transmembrane

– ion flux detection 10ff.

– pore 4

– transport 7

transmission electron microscopy (TEM)

165, 411

4-(trifluoromethoxy)phenylhydrazone, see
FFCP

tubulin 385

tumor 266ff., 310, 369ff.

tumor necrosis factor a (TNF-a) 218

two-photon optical fiber fluorescence (TPOFF)

315

tyrosinase 103

tyrosine kinase 215

u
ultracentrifugation 34

ultrasound imaging 373

v
vapor

– cantilever 180ff.

– vapour-liquid-solid (VLS) growth 223

vascular smooth muscle cell (VSMC) 371

vasculature 263ff.

– endothelium 264

– permeability 265

vertical cavity surface emitting laser (VCSEL)

179

vesicle 11

– excitable (EV) 406ff.

– fluorescence 12

– ion-selective electrode 12

– 23Na-NMR 11

– pH-stat 11

virus 54ff., 269

– adenovirus 53

– chlorotic cowpea mottle virus 49

– cowpea mosaic virus 51

– DPN 235, 253

– herpes simplex virus 49

– nanoarray 253f.

– tobacco mosaic virus 49

VLS (vapor-liquid-solid), see vapor
voltametric stripping 100

VSMC, see vascular smooth muscle cell

w
WSIO, see iron oxide

x
p-xylenebis(pyridinium)bromide, see DPX

z
zinc sulfide nanoparticle 51
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