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Preface

On behalf of a great team of nano researchers who have been part of this exciting

project, I am pleased to introduce to the scientific community a comprehensive ten

volume series on Nanotechnologies for the Life Sciences (NtLS), which is going to be a

knowledge base of encyclopedic proportions for applications of nanotechnologies

in biology, biotechnology and medicine. This is a unique series of books on an im-

portant facet of nanotechnology being presented by the nanotechnologists for the

nanotechnologists. What you have in your hand is the first volume, Biofunctionali-
zation of Nanomaterials, in this exciting series.

The first volume has eleven chapters covering various aspects and techniques for

functionalization of different nanomaterials with variety of biomolecules. The book

begins with an exciting chapter by Michael J. Murcia and Christoph A. Naumann
from the Indiana University-Purdue University, USA, which provides an overview

of developments in biofunctionalization and biocompatible coating of fluorescent nano-
particles. There is an explosion of knowledge on carbon nanotubes, long, thin cylin-

ders of carbon, discovered in 1991 by S. Iijima and the focus of their practical

applications have been due to their unique physical properties such as optical,

electrical, thermal, elastic behavior and so on. However, once it was demonstrated

that it is possible to functionalize them with biomolecules, there has been a great

interest amongst nanoresearchers to investigate their potential in life sciences. The

University of California team of researchers from Riverside, USA, Elena Bekyarova,
Robert C. Haddon and Vladimir Parpura, has done a remarkable job in capturing

the up-to-date information in their chapter entitled biofunctionalization of carbon
nanotubes. Metallic and metal oxide nanoparticles are well studied and their ex-

traordinary physical and chemical properties make them useful in variety of appli-

cations. Not surprisingly, a great deal of research work was carried out to make

them not only biocompatible, but also attach biological molecules in order to ex-

tend their applications into the life sciences. Four chapters have been dedicated to

capture this information and the authors of these four chapters – 3, 4, 6 and 8 –

have done a thorough job in comprehensively providing the information on bio-

functionalization aspects of a wide variety of metallic/metal oxide nanoparticles.

Yong Guo from the Southern Illinois University, Carbondale, USA, dealt with bio-
functionalization of magnetic nanoparticles. Ming Zheng and Xueying Huang from

DuPont Central Research and Development, USA, described some unique aspects
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of biofunctionalization of gold nanoparticles. Grit Festag, Uwe Klenz, Thomas Henkel,
Andrea Csllki and Wolfgang Fritzsche from the Institute for Physical High Technol-

ogy, Jena, Germany, in a very unique fashion reviewed several approaches towards

biofunctionalization of metallic nanoparticles for biosensing. In addition to the com-

pletely chemical based approach for biofunctionalization, Raphael Levy and Chris
Doty from the University of Liverpool, UK, provided a state-of-the-art review on

the use of biomolecules themselves for stabilization of metallic nanomaterials in

the chapter entitled stabilization and biofunctionalization of metallic nanoparticles:
the peptide route.
In addition to metallic nanoparticles, polymeric nanoparticles have been widely

investigated for their applications in life sciences primarily in the area of drug de-

livery. It is again very important for the polymeric nanoparticles to be either bio-

compatible or biofunctionalized in order to be suitable for life science applications.

Biofunctionalization of phospholipid polymeric nanoparticles by Junji Watanabe, Jong-
won Park, Tornomi Ito, Madoku Takai, and Kazuhiko Ishihara from the University of

Tokyo, Japan, provides information, based on their own research experience, on

phospholipid polymeric nanoparticles and their biofunctionalization. The chapter

magnetic core conducting polymer shell nanocomposites for DNA attachment und hy-
bridization contributed by Jean-Paul Lellouche of Bar-llan University, Israel, pre-

sents an interesting perspective towards biofunctionalization of magnetic core

polymer shell nanomaterials. The researchers from the Northeastern University,

Boston, USA, – Sushama Kommareddy, Dinesh B. Shenoy and Mansoor M. Amiji –
brought out comprehensive information on gelatin nanoparticles and their bio-
functionalization.
Amongst all the biomolecules, proteins are unique and their conjugation to nano-

materials provides a very broad base for life science researchers. The research

group from Clemson University, USA, led by Ya-Ping Sun with Mohammed J.
Meziani and Yi Lin brought out an excellent in-depth analysis of various conju-

gation approaches to bind proteins to variety of nanomaterials in their chapter

entitled conjugation of nanomaterials with proteins. In this chapter, they provide

an overview of current and emerging approaches in the coupling of metal and

semiconductor nanostructures with proteins and their assemblies into different

architectures followed by approaches to conjugation of carbon nanotubes with pro-

teins and the mechanistic issues involved with nanotube-protein interactions. The

chapter entitled folate-linked lipid based nunoparticles for tumor-targeted gene therapy
by Yoshiyuki Hattori and Yoshie Maitani, Institute of Medicinal Chemistry, Japan,

contains a review of literature on folate-linked liposomes and nanoparticles, and

show the effectiveness of folate-linked lipid-based nanoparticles as a vector for

DNA transfection and for suicide gene therapy to treat human nasopharyngeal

and prostate tumors.

I am very grateful to all the authors who have shared my enthusiasm and vision

by contributing high quality manuscripts, on time, keeping in tune with the origi-

nal design and theme of not only this particular volume but also the whole series.

You will not be having this book in your hand but for their dedication, persever-

ance and sacrifice. I am thankful to my employer, the Center for Advanced Micro-

XIV Preface



structures and Devices (CAMD), and especially to my superior, Prof. Josef Hormes,

Director of CAMD, who has been supporting me in all my creative ventures. With-

out this backing it would be impossible to make this venture of such magnitude a

reality. No words can express the understanding of my wife, Suma, in allowing me

to make my office a second home and bearing with my spending innumerable

number of hours in front of the computer at home. My little daughter, Saakshi,

has been the source of joy and inspiration in bringing forth my intellectual creativ-

ity. My families, friends and mentors are integral part of my existence and con-

tinue to shape my life and I am indebted to them. While it would be impossible

to thank everyone individually in this preface, I must make a special mention of

the support from Wiley VCH publishers in general and the publishing editor, Dr.

Martin Ottmar, in particular, who has been working closely with me to ensure this

project becomes a reality. I am grateful for this support.

I also would like to take this opportunity to provide few glimpses of the rest of

the nine volumes in this series. As I write this preface, I am pleased to let you

know that the second and the third volumes are in press and will be published

shortly after volume one. The second volume, Biological and Pharmaceutical Nano-
materials, provides information on variety of nanomaterials from natural sources

and also those that are particularly relevant from pharmaceutical stand point of

view. As life scientists learn about nanotechnologies, they also need to be familiar-

ized with tools and techniques for characterization and the third volume, Nanosys-
tem Characterization Tools in the Life Sciences, brings forth the required information.

The rest of the volumes in this series deal in general with sensing, controlled

release, devices, engineering, biomimetic approaches that are relevant to life

sciences. These volumes are currently under preparation and I hope to present

them to you as soon as possible.

As I stop for moment and ponder at the amount of information that the dedi-

cated team of scientists have been compiling for this ten volume series, I can’t

help but become philosophical. Scientific endeavors by their very nature, while pro-

viding answers to several questions, create more and more questions. If one exam-

ines the growth of various scientific disciplines one would realize that while we

made tremendous progress in scientific achievements, we continue to be puzzled

by several unanswered questions in addition to several more new ones popping up

every day. In the words of one philosopher, ‘‘the measure of our intellectual matu-

rity is our capacity to feel less and less satisfied with our answers to better prob-

lems.’’ One could say that the progress in science is directly proportional to the

number of unsolved problems. It is pertinent to remember what Einstein said

once, ‘‘We can’t solve problems by using the same kind of thinking we used

when we created them.’’ What we need as scientists is lateral thinking. In order

for developing lateral thinking one needs to comprehend the existing knowledge

and develop the ability to connect seemingly unconnected points in the web of

knowledge.

Nanoscience and nanotechnology is beginning to gain respectable place in this

web of knowledge that we scientists have been creating. This new scientific disci-

pline is being touted as the greatest revolution in the history of mankind and is
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anticipated to positively affect every facet of our existence. It is anticipated to im-

prove quality of our life in leaps and bounds. However, Nanotechnology’s greatest

gift to mankind, in my view, is its ability to promote lateral thinking amongst not

only scientists but all those who are associated with this new approach to problem

solving. This is what I would like to call ‘‘nano vision or nano thinking’’. It is the

ability to think small while thinking big and to connect small and big at the same

time.’’ The followers of ‘‘nano thinking’’, so called ‘‘nano thinkers’’, are growing

day by day and their presence is beginning to be felt strongly in the field of life

sciences. It is my endeavor to be a catalyst in inculcating this new thinking by

providing a multi-pronged base of knowledge in nanotechnologies for the life

sciences. The ten volume series NtLS is anticipated to be the solid foundation for

all those who are interested in applying ‘‘nano thinking’’ in life sciences. I am leav-

ing the book in your hands and take your leave sharing a quotation from one of the

greatest thinkers from the United States of America, Oliver Wendell Holmes, who

said ‘‘Man’s mind, once stretched by a new idea, never regains its original dimen-

sions.’’ It is my hope that this book series will help in stretching the limits of

thinking in all those who come in contact with it.

Challa S. S. R. Kumar
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1

Biofunctionalization of Fluorescent

Nanoparticles

Michael J. Murcia and Christoph A. Naumann

1.1

Introduction

The current revolution in life sciences is strongly linked to the availability of so-

phisticated new experimental tools that enable the manipulation of biomolecules

and the study of biological processes at the molecular level using state-of-the-art

imaging techniques, such as single molecule imaging. Optical microscopy is fun-

damental to furthering our understanding of the structural, organizational, and dy-

namic properties of biological systems because a wide variety of complementary,

non-invasive optical techniques exemplified by wide-field microscopy techniques,

such as brightfield, darkfield, phase contrast, and DIC exist. Among these optical

detection techniques, fluorescence microscopy is particularly important because it

facilitates highly sensitive and specific imaging experiments. In addition, more so-

phisticated imaging approaches such as confocal and near-field imaging provide

the opportunity for 3D and sub-diffraction limit imaging, respectively.

Optical microscopy is now sensitive enough to track individual molecules if they

are conjugated to appropriate imaging probes. Traditionally, such single molecule

probes were mm-size colloidal particles and single fluorophores [1]. Colloidal

probes such as gold or fluorescently labeled polystyrene beads are typically much

larger (0.1–1 mm) than the biomolecule to be studied. However, fluorescent dyes,

though smaller, show pronounced photo-instabilities, including blinking (due to

fluorescence intensity fluctuations) and photobleaching, thus complicating single

molecule tracking experiments and other fluorescence-based long-term studies.

From the above description, further progress in the field of optical single molecule

imaging obviously depends on the availability of appropriate labels that combine

small size and high photostability with the ability to be used in multicolor studies.

Fluorescent nanoparticles fulfill these important criteria. To be used in a biological

environment, these nanoprobes need to be biofunctionalized appropriately, which

remains a significant challenge.

The main focus of this chapter is to provide an overview of recent developments

addressing the bioconjugation of fluorescent nanoparticles and their surface modi-

fication using biocompatible coatings. Section 1.2 summarizes the different types

Nanotechnologies for the Life Sciences Vol. 1
Biofunctionalization of Nanomaterials. Edited by Challa S. S. R. Kumar
Copyright 8 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31381-8

1



of fluorescent nanoparticles, including dye-doped nanoparticles, quantum dots

(QDs), metal nanoparticles, and mm-size hybrids comprising fluorescent nano-

probes. Section 1.3 describes recent developments concerning the conjugation of

biomolecules to fluorescent nanoparticles, and compares the different conjugation

approaches for nanoparticles consisting of polymeric, semiconductor, or metallic

materials. An overview of published design architectures of biocompatible surface

coatings as applied to fluorescent nanoparticles is given in Section 1.4. Finally, Sec-

tion 1.5 lists representative examples of how biofunctionalized nanoprobes can

be applied to problems in biosensing, as well as single cell and biological tissue

imaging.

1.2

Fluorescent Nanoparticle Probes

Gold nanoparticles that are surface-functionalized with proteins have been used in

electron microscopy (EM) applications for quite some time [2]. A prominent exam-

ple is the specific labeling of tissue by use of antibody-conjugated Au-nanoprobes

(10–40 nm diameter) and their imaging by use of transmission electron micros-

copy (TEM). Such EM studies can achieve the detection of Au-probes with a resolu-

tion of less than 10 nm [3]. Though this demonstrates a great sensitivity, EM is

limited by its inability to image living biological systems. Optical microscopy may

overcome this limitation. For example, colloidal gold of 30–40 nm diameter has

been used as an optical imaging label on multiple single molecule tracking experi-

ments at the cellular level [1, and references therein]. Here, colloidal gold is used

as a Rayleigh scatterer, for which the scatteringz d6 (d ¼ diameter), thus making

tracking experiments with probe diameters of less than 30 nm extremely challeng-

ing or even impossible.

Fluorescent nanoparticles are highly attractive imaging probes because, in con-

trast to scattering probes, their detection is not limited by the Rayleigh scattering

condition. As a consequence, fluorescent nanoprobes > 1 nm can be detected

if appropriate imaging setups are used. Importantly, at this size range, such

nanoprobes do not exceed the size of individual proteins, thus addressing an

important condition for high-quality imaging at the molecular level. In addition,

single molecule detection is improved because the weak scattering of the probes

lowers the optical background and thus enhances the imaging sensitivity. Figure

1.1 illustrates the size range of these probes in comparison with that of other nano-

particles. The most common types of fluorescent nanoparticles, dye-doped nano-

spheres and luminescent quantum dots (QDs), are described below in more detail,

together with some recently introduced hybrid architectures of fluorescent nanop-

robe-containing mm-size particles. Also included is an overview of optically active

metal nanoparticles because these probes are highly relevant in single molecule

spectroscopy.
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1.2.1

Dye-doped Nanoparticles

Dye-doped nanoparticles are polymer or silica-based particles containing organic or

inorganic dyes [4, 5]. Dyes can be attached to the nanoparticle surface or can be

embedded inside the particles either noncovalently or covalently. For imaging ap-

plications, dye-doped nanoparticles containing embedded dyes are particularly at-

tractive because their photostability can be enhanced due to the better protection

of the dyes from oxygen. For example, incorporation of pyrene dyes into polysty-

rene particles using a normal microemulsion approach led to a 40-fold increase in

emission intensity with respect to the pure dye at the identical concentration [6].

Brightness of the fluorescence signal from such imaging probes can be controlled

by the number of dye molecules per nanoparticle, with the maximum dye density

limited only by self-quenching. Therefore, dye-doped nanoparticles can be quite

photostable without showing fluorescence intensity fluctuations (blinking).

Typical polymer-based dye-doped nanoparticles are made of hydrophobic poly-

mers. The hydrophobic dye molecules are kept within such nanoparticles through

noncovalent hydrophobic interactions, thus preventing the gradual release and

photooxidation of the dyes. Dye-doped polymeric nanoparticles have been applied

down to a size of@20 nm [7]. Although they are reasonably photostable, the hydro-

phobic nature of these probes complicates imaging applications in aqueous envi-

ronments, which are required for studies on biological systems. Common un-

wanted phenomena are clustering and non-specific binding. To overcome these

problems, the hydrophobic core particles can be surface-functionalized with hydro-

Fig. 1.1. Size ranges of commonly used fluorescent nanoprobes.
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philic coatings such as polymers like poly(ethylene glycol) (PEG), polysaccharides

such as dextran, or proteins such as bovine serum albumin (BSA).

Dye-doped silica nanoparticles are attractive imaging probes because their hydro-

philic nature reduces the problems of non-specific binding and clustering. Silica

shows several additional properties beneficial for optical imaging applications in

biological systems, including chemical inertness, transparency, and the ability to

act as stabilizers in protecting the embedded dyes from the outside environment

[4]. In addition, the surface hydroxyl groups can be chemically modified, allowing

for the straightforward surface modification with amines, carboxyls, or thiols. In

addition, pH changes do not lead to swelling and porosity changes, and silica par-

ticles are less prone to attack from microbes [8]. However, the incorporation of hy-

drophobic dyes into the hydrophilic silica matrix is challenging, requiring specific

modifications of either the dye molecules or the silica. For example, dyes can be

modified with a hydrophilic molecule such as dextran or a hydrophobic silica-

precursor can be used during nanoparticle synthesis [9]. Dye-doped silica particles

were first synthesized using the Stoeber method [10]. However, this method leads

to polydispersity and average particle sizes of >100 nm. More recently, these limi-

tations have been overcome by use of a reverse microemulsion method that can

create monodisperse dye-doped silica particles down to a size of 15 nm (Fig. 1.2)

[11]. Notably, this elegant approach facilitates the size-tuning via adjustment of

the microemulsion composition and does not require elevated temperatures and

pressures [11, 12]. Silica also has been used to create hollow silica nanospheres

filled with dye molecules [13].

Rare-earth-doped LaPO4 nanoparticles are another interesting class of nano-

probes that show promising properties for diagnostic and imaging applications

[14]. These systems combine small size (<10 nm), high chemical stability, very

good quantum yield, and high photostability. Furthermore, they are expected to

show low cytotoxicity. Recently, such rare-earth-doped LaPO4 nanoparticles were

successfully surface-functionalized to allow their subsequent coupling to biomole-

Fig. 1.2. Schematic of the reverse

microemulsion method for the synthesis of

dye-doped silica nanoparticles (adapted from

Bagwe et al., 2004) [11]. In this method, nm-

sized water droplets, which are stabilized by

surfactant molecules, are formed in a

continuous oil phase, thus forming a

thermodynamically stable oil–water–surfactant

microemulsion.

4 1 Biofunctionalization of Fluorescent Nanoparticles



cules [15]. The nanoparticle surface was first functionalized with aminohexanoic

acid and then linked to avidin using EDC coupling.

1.2.2

Quantum Dots (QDs)

Nanocrystals based on semiconductor materials began attracting the interest of

physicists three decades ago because of their interesting quantum properties.

These properties are the result of size-dependent band gaps, which cause the color

emitted by a semiconductor nanocrystal of a specific composition to be a function

of its diameter. Physically, quantum properties (in this case a size-dependent fluo-

rescence emission) are expected to occur if electron–hole pairs (excitons) are con-

fined to dimensions that are smaller than the electron–hole distance (exciton diam-

eter) [16–19]. As a result of this condition, the state of free charge carriers within a

nanocrystal is quantized and the spacing of the discrete energy states (emission

colors) is linked to the size of the nanoparticle. It is this quantum confinement ef-

fect that led to the term ‘‘quantum dot’’.

Quantum dots can be based on metallic or semiconductor materials. Most

widely used are CdSe and CdTe quantum dots because their quantum confinement

region spans the entire optical spectrum. More recently, there has been growing

interest in quantum dots with near-infrared emission properties, such as CdTe/

CdSe, InAs, or PbS (which are of use in animal imaging studies) [20, and refer-

ences therein]. In addition, several groups have studied silicon nanocrystals [21–

23]. Quantum dots also show other fascinating optical properties, including broad

absorption and narrow emission bands, which allows a single laser to excite dots of

a wide size-range, with each dot emitting its own specific color. This is in contrast

to organic-based fluorophores, which are characterized by narrow Stokes shifts (dif-

ference between maximum wavelengths of absorption and emission bands). To

protect their surface from photobleaching, quantum dots can be passivated by use

of a higher-bandgap semiconductor shell or an organic layer [24]. In fact, success-

fully passivated, quantum dots show dramatically enhanced photostability, en-

abling their long-term observation in optical experiments [25]. Furthermore, quan-

tum dots can be brighter than their dye counterparts at an equivalent quantum

yield [26] because of their notably higher extinction coefficients [20]. Given the

above properties, quantum dots bring fascinating possibilities for single molecule

cellular imaging studies because they combine small size, broad absorption, nar-

row size-tunable emission (covering the entire optical spectrum), and excellent

photostability. These features outperform traditional fluorescent dyes in many

respects.

The traditional approach to synthesizing quantum dots relies on heating specific

organic solvents and injection of semiconductor precursors. In a typical prepara-

tion [27], Cd(CH3)2 and elemental Se are combined with trioctylphosphine oxide

(TOPO), which acts as a solvent and stabilizing agent. This mixture is subjected

to high temperature (about 350 �C) for 24 hours at which time the mixture is

cooled and Zn(CH3)2 and S(SiMe3)2 added to form a stabilizing ZnS shell. To cre-
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ate nanocrystals of a narrow size distribution, an additional size-selective precipita-

tion step needs to be included. Because dialkylmetal compounds are very sensitive

to oxygen and water and become pyrophoric upon exposure to air, alternative ap-

proaches of quantum dot synthesis have been explored. Consequently, CdSe quan-

tum dots can be formed using CdO, selenium, and hexylphosphonic acid or tetra-

decylphosphonic acid [28]. This synthesis reduces the reaction times to less than

30 min, but still uses temperatures upwards of 300 �C. In another example, our

group has synthesized CdSe/ZnS quantum dots by use of sonochemistry [29].

This low-temperature approach not only produces spherical high-quality quantum

dots with quantum yields of up to 70% and emission bands of less than 50 nm

(FWHM), but also allows for straightforward control of the synthesis parameters.

Figure 1.3 shows the photoluminescence spectra of CdSe core quantum dots and

Fig. 1.3. Quantum dots show size-tunable

emission properties. The samples represent

different sizes of quantum dots, which produce

different colors upon UV light. Within the

quantum confinement region, an increase in

particle sizes produces a redshift in the

emission spectrum. Spectra and photograph

were obtained from CdSe quantum dots

synthesized sonochemically [29].
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the colors of these samples upon UV illumination, which are representative of this

procedure.

To be of use in biological imaging applications, quantum dots need to be water-

soluble. Indeed, synthetic approaches for CdTe [30–32] and CdS [30, 33–38] have

utilized aqueous solvent conditions. However, these nanocrystals usually lack the

quantum yield and narrow size distribution observed for TOPO-synthesized quan-

tum dots. TOPO-stabilized quantum dots, however, show hydrophobic surface

properties. To disperse TOPO-stabilized quantum dots in aqueous solution, several

surface modification strategies have been pursued (Fig. 1.4). A common approach

is to synthesize quantum dots in TOPO and replace the hydrophobic TOPO layer

with bifunctional molecules containing thiol and hydrophilic moieties separated by

a molecular spacer (Fig. 1.4: approach I) [39, 40]. The thiol groups bind to the

CdSe or ZnS surface, while the hydrophilic moieties radiate from the surface of

the corresponding semiconductor. Unfortunately, thiols bind less strongly to ZnS

than to Au, which leads to a dynamic equilibrium between bound and unbound

thiols. This behavior reduces the long-term water solubility of ZnS-capped quan-

tum dots. To shift the equilibrium towards bound moieties, monothiols have been

replaced with molecules containing more than one thiol group (Fig. 1.4: approach

II) [41–43]. Another stabilization concept is to enhance binding via surface cross-

linking of bound molecules. On the basis of this concept, ZnS-shelled quantum

dots have been made water-soluble by adding a silica shell to the nanoparticles

by using alkoxysilanes during the polycondensation (Fig. 1.4: approach III) [44–

48]. Two types of silanes have been used to stabilize quantum dots in aqueous

solution. The first includes silanes whose surface functional groups are positively

or negatively charged at neutral pH [48]. The second type includes silanes with

poly(ethylene glycol) chains [48, 49]. TOPO-coatings also can be made water-

soluble without their replacement by adding amphiphilic molecules such as lipo-

polymers or amphiphilic diblock copolymers, whose hydrophobic moiety stabilizes

the TOPO-coating via hydrophobic forces and whose hydrophilic moiety is exposed

to the solvent environment, guaranteeing water-solubility (Fig. 1.4: approach IV).

The last approach has the advantage of not exposing the sensitive surface of the

quantum dot during a surface exchange step.

1.2.3

Metal Nanoparticles

In contrast to noble metals in bulk, nanoparticular forms of such materials result

in interesting photochemical and electronic properties [50]. Three strategies have

been pursued to study the photochemical activity of metal nanoparticles: (a) direct

excitation of the metal nanoparticles; (b) indirect excitation of the metal nanopar-

ticles via surface-conjugated dye molecules; and (c) photocatalytic processes in

semiconductor–metal nanocomposites [50]. After excitation with UV or visible

light, metal nanoparticles show several interesting phenomena, including photolu-

minescence [51–53], nonlinear optical phenomena [54, 55], and surface-enhanced

1.2 Fluorescent Nanoparticle Probes 7
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Raman scattering (SERS) [56–61]. Due to the significant field enhancement, SERS

can be used as an extremely sensitive analytical tool, thereby exceeding the sen-

sitivity from luminescence-detecting techniques. For example, biomolecules can

be detected with 1000-fold better sensitivity if they are bound to Au nano-

particles [62]. Silver nanoparticles also are useful in this respect. The main experi-

mental challenge in SERS is to keep the surface roughness uniform and

reproducible.

There are multiple strategies for synthesizing metal nanoparticles [50]. For

example, they can be synthesized using a biphasic reduction approach [63–69]. In

this procedure, a noble metal salt such as HAuCl4 is dissolved in water and phase-

transfer extracted into an organic solvent followed by reduction with NaBH4. Metal

nanoparticles also have been synthesized using reverse micelle procedures where

the size and size distribution of nanospheres can be controlled by the micelle com-

position [12, 70–73]. Gold nanoparticles are particularly attractive for studies in a

biological environment because they show no surface oxidation and high biocom-

patibility without any surface modification. In addition, thiol chemistry can be ap-

plied to conjugate molecules to the gold surface.

1.2.4

Hybrid Architectures Involving Fluorescent Nanoprobes

1.2.4.1 Metal–Dye

Another interesting application of metal nanoparticles is their use in combina-

tion with conjugated dye molecules (Fig. 1.5). Such hybrid systems are attrac-

tive because they can be studied by use of electron microscopy in addition to

fluorescence-based techniques such as fluorescence microscopy and spectroscopy.

Importantly, if conjugated to biomolecules, metal nanoparticle–dye hybrids can be

used as very sensitive biomolecular imaging probes [74, 75]. Interestingly, dye mol-

ecules attached to metal nanoparticles can show enhanced emission. For example,

Py-CH2NH2 molecules bound to gold particles show pronounced emission that is

much stronger than that for unbound Py-CH2NH2 in THF [50]. The main disad-

vantage of this approach is that the surface-exposure of the dyes promotes their

photooxidation.

1.2.4.2 Dye-doped Silica Shells

To reduce photooxidation, dyes also can be embedded within the nanoparticle. As

illustrated in Fig. 1.5(B), dyes can be incorporated into a nanoparticle-capping sil-

ica shell. For example, up to 12 alternating fluorescent and nonfluorescent silica

shells have been added to silica core particles, where the shells were doped with

six dyes of different emission wavelengths. Dyes of multiple colors have been in-

corporated previously in silica beads throughout the matrix of the particle [76],

but not in an ordered fashion [77]. This multi-shell approach helps to reduce un-

wanted energy transfer. As a multiplexing probe, the system is not as simple to

analyze as a quantum dot-based one. Re-absorption of the fluorescence emission,
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which is related to the identity of the fluorophore, alters the emission intensity. As

a result, it is difficult to determine the possible number of spectral combinations in

a designed system, and a flow cytometer must be used to identify the number of

individual species in the mixture. This shelling approach has also been reported

for single dye systems for enhanced fluorescence [10].

1.2.4.3 Quantum Dot-containing Microspheres

An interesting hybrid architecture that has been developed recently is the quantum

dot embedded microsphere. Unlike a dye embedded polymeric bead, the quantum

dot microbeads utilize the narrow emission of quantum dots combined with their

broad absorption characteristics to perform multicolor detection experiments with

one excitation wavelength [78–81]. By incorporating up to six different colors of

quantum dots and ten intensities of those colors, the quantum dot microbeads

can, theoretically, optically ‘‘bar code’’ biomolecules with one million possible spec-

tral signatures. Realistically, the number is likely to be substantially lower due

to spectral overlap, fluorescence intensity variations, and signal-to-noise require-

ments. The multiplexing approach has been tried with organic dyes, but was

limited to two colors due to spectral overlapping and the inability to excite more

than two or three dyes with the same wavelength [82].

Fig. 1.5. Common hybrid architectures

containing fluorescent nanoprobes include (A)

dyes bound to a nanoparticle surface; (B) dyes

incorporated into the silica shell of a

nanoparticle; (C) fluorescent probes such

quantum dots or dyes incorporated into the

core of microparticles; and (D) a multiplexing

approach by embedding probes of different

colors.
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1.3

Bioconjugation of Fluorescent Nanoparticles

1.3.1

General Considerations

1.3.1.1 Overview

To apply fluorescent nanoparticles to biosensing and biomedical imaging applica-

tions, it is crucial to develop strategies towards their biofunctionalization. These in-

clude the proper linkage of biomolecules to nanoparticles (bioconjugation) and the

design of appropriate biocompatible coatings. This section outlines the different

aspects of bioconjugation, and Section 1.4 provides a corresponding discussion of

biocompatible coatings.

Bioconjugation can be described as any procedure that links a nanoparticle to a

biomolecule under mild conditions [83]. As described above, the synthesis of nano-

particles often does not render them capable of attachment to biomolecules, be-

cause their surface-chemical properties are not appropriate. Therefore, nanopar-

ticles frequently must undergo surface transformations to create the chemistry

needed for coupling to biomolecules under mild (physiological) conditions. There

are a few key requirements for successful bioconjugation reactions [4]. Crucially,

the conjugation process must avoid compromising the activity of biomolecules. In

addition, the bioconjugation ideally should not hinder the signal of the nanopar-

ticle. Another requirement is the ability to control the number of linkage sites on

the nanoparticle surface where biomolecules can bind. This requirement can be

quite challenging. In addition, the biomolecule–nanoparticle coupling should be

stable and, for crystalline particles, the surface should be covered to avoid free

valence states. Finally, the thickness of any nanoparticle shell should remain as

small as possible relative to the nanoparticle size.

Figure 1.6 illustrates several possible strategies to bioconjugate nanoparticles.

Simple adsorption of biomolecules to the nanoparticle surface via noncovalent

forces represents the least demanding approach (Fig. 1.6A). However, in this case,

the activity of bound biomolecules may be compromised and the amount of bound

biomolecules per nanoparticle is difficult to control. In addition, this bioconjuga-

tion approach does not target one protein preferentially. Another concept is based

on the physisorption (noncovalent coupling) of biomolecules to molecules (e.g.,

other biomolecules) acting as mediators between biomolecule and nanoparticle

surface (Fig. 1.6B). This design may be advantageous over the first one, because it

may help biomolecules to bind in a proper orientation. Figure 1.6(C) is based on

the chemical coupling between reactive groups of biomolecules (e.g., thiols and

primary amines) and crosslinker molecules. These crosslinkers may bind to the

nanoparticle surface via physisorption or chemisorption (covalent coupling). How-

ever, there are frequently multiple active sites on the target biomolecule to which

the probe can bind, thus preventing controlled binding. Furthermore, uncontrolled
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binding may interfere with the biologically active sites of biomolecules. To over-

come this limitation, a ligand (typically an antibody) can be bound to the nanopar-

ticle via the crosslinker. This ligand then facilitates coupling to the biomolecule of

interest with high specificity. These crosslinker-based bioconjugation strategies are

best executed if appropriate heterobifunctional crosslinkers are used. A large

variety of such crosslinker molecules is now commercially available. Alternatively,

homobifunctional crosslinkers can be used where one reactive end group is pro-

tected. Here, nanoparticle and biomolecule are coupled by binding of the partially

protected linker to either nanoparticle or biomolecule and by deprotecting the

linker prior to bioconjugation. Unprotected homobifunctional crosslinkers are al-

ways problematic because they can induce the clustering of nanoparticles. Figure

1.6(D) shows a facile approach for the chemical coupling of biomolecules to nano-

particles. This approach is particularly useful for attaching oligonucleotides to

nanoparticles, e.g., via mercapto groups [84–86]. Still, control over the number of

bound biomolecules per nanoparticle remains a challenging endeavor. To achieve

such control, a separation step, such as nanoparticle separation using gel electro-

phoresis, must be added [87]. Another popular approach is to link biotinylated li-

gands or target biomolecules to streptavidin (or avidin)-functionalized nanopar-

ticles with high specificity (Fig. 1.6E). In this case, the biotin-binding proteins,

avidin or streptavidin, act as linker molecules [88, 89].

Fig. 1.6. Common strategies for the

conjugation of biomolecules to nanoparticles

include direct physisorption of biomolecules

(A), assisted physisorption using pre-bound

molecules (B), chemical linkage of biomole-

cules to crosslinkers either physisorbed or

chemisorbed on the nanoparticle surface (C),

direct chemical coupling of biomolecules to

nanoparticles (D), and the targeted binding of

biotinylated biomolecules to streptavidin-

coated nanoparticles via biotin–streptavidin

coupling (E).
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1.3.1.2 Common Coupling Reactions

The bioconjugation of nanoparticles is critically dependent on the availability of ef-

fective covalent coupling procedures. Figure 1.7 lists the most common coupling

procedures. The reaction between primary amine and carboxylic acid groups is a

very popular coupling procedure (Fig. 1.7A). In a first step, a carboxylic acid reacts

with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC) and N-hydroxysulfo-
succinimide (NHS) to form an acyl amino ester that subsequently reacts with the

primary amine to create a stable amide bond. This approach also is attractive be-

cause preparation of the ligands is less demanding. A widely used approach is

based on the reaction between thiol and maleimide groups (Fig. 1.7B). This affords

a stable thioether bond, typically with good yield at physiological pH. Most promi-

nently, this reaction can be used to directly link maleimide-functionalized ligands

to thio-groups of proteins. If no thiols are available, they can be created by using

heterobifunctional crosslinkers with one thiol endgroup or by reducing disulfide

bonds within the target protein. The coupling of two thiols to form a disulfide link-

age is another straightforward reaction approach (Fig. 1.7C). Unfortunately, the re-

sulting disulfide bond is relatively labile in biological fluids like serum. Another

useful reaction scheme is based on the covalent linkage between aldehyde and

hydrazide groups to form a hydrazide bond (Fig. 1.7D). Reactive aldehyde groups

can be created by oxidation of carbohydrate groups. Obviously, mild oxidation

conditions have to be used for the oxidation reaction on relatively unstable mole-

cules like antibodies. Chemical reaction between two primary amines is another

approach for bioconjugation applications (Fig. 1.7E). In this case, coupling can be

achieved using homobifunctional crosslinkers such as glutaraldehyde [90, 91].

1.3.2

Bioconjugation of Polymeric Nanoparticles

From a bioconjugation perspective, polymeric nanoparticles are attractive because

they can be prepared with various different reactive groups on their surface. The

obvious benefit is that a comparably broad spectrum of conjugation chemistry ap-

proaches can be used, including covalent and noncovalent ones (Fig. 1.6). These

different bioconjugation strategies are reviewed below.

1.3.2.1 Noncovalent Approaches

One of the most widely applied approaches in bioconjugating polymeric nanopar-

ticles is simple physisorption of the biomolecules on the particle surface (Fig. 1.6A)

[93–97]. Because biomolecule activity is compromised by uncontrolled adsorption,

spacer molecules have been introduced (Fig. 1.6B). For example, nanoparticles first

coated with Protein A (isolated from the cell wall of Staphylococcus aureus), which
attaches specifically to the Fc fragment of the IgG antibody, have proper Fab orien-

tation for antibody binding [97]. Unfortunately, such simple adsorption approaches

are only of limited use when applied in serum. This is because serum proteins

compete with antibodies for adsorption sites [93–95]. Furthermore, in vivo experi-

ments have revealed that such simply designed nanoparticles tend to accumulate
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in the liver and spleen. Using a similar design strategy, polystyrene nanoparticles

have been functionalized with humanized mAB HuEP5C7.g2 [98]. These delivery

systems target cells expressing E and P-selectin.

1.3.2.2 Covalent Approaches

Obviously, the activity of ligands bound to nanoparticles strongly depends on the

stability of the ligand–nanoparticle linkage and the proper orientation of the li-

gand. To address these needs, ligands have been bound covalently to polymeric

nanoparticles using several different conjugation approaches (Fig. 1.6E) [7, 99–

102]. For example, an amide linkage strategy was pursued to bind lactose to the

poly(vinylamine)-grafted nanoparticles [99]. Such lactose-functionalized carrier sys-

tems are useful because they specifically bind to lectin RCA120. The same amide-

based linkage chemistry was used to bind proteins to dye encoded latex particles

[7]. In another approach, transferrin was conjugated to PEG coated poly(cyanoacry-

late) nanocrystals, with the transferrin bound to PEG via periodate oxidation [100].

A heterobifunctional linker was used to bind antibodies to BSA-containing nano-

particles [101, 102]. In this case, the crosslinker (glutaraldehyde) was bound to

BSA to provide free aldehyde groups, which could then be linked to the primary

amines of the antibodies. Another interesting strategy is based on formation of

ligand-carrying nanoparticles via polymerization of monomers with bound ligands.

Such a strategy has been applied to create nanoparticles with biotin groups, which

then allowed for specific linkage to avidin [103, 104]. The grafting of carbohydrates

to poly(l-lysine) was also reported [105]. This carrier can bind to carbohydrate-

binding proteins on the surface of target cells.

1.3.3

Bioconjugation of Quantum Dots

Though quantum dots are very small, their surface area is large enough for linking

to multiple biomolecules [106]. There are several ways to bind biomolecules to

quantum dots. These involve either direct binding to the quantum dot surface or

attachment via a stabilizing layer acting as a crosslinker between the ligand and re-

active surface of the nanoparticle. In the first case, ligand binding can be achieved

covalently or noncovalently. Direct covalent coupling is accomplished commonly

by use of thiol coupling chemistry, although a silane-based coupling is needed if

quantum dots carry a stabilizing silica shell. Noncovalent ligand-quantum dot cou-

pling, however, is typically pursed using electrostatic or hydrophobic forces. On the

basis of these general concepts, several bioconjugation strategies have been pur-

sued. These are discussed below.

Fig. 1.7. Commonly used chemical reactions

in the bioconjugation of fluorescent

nanoparticles. Shown are the coupling

chemistries between (A) carboxylic acid and

primary amine, (B) thiol and maleimide

groups, (C) two thiols to form a disulfide

bond, (D) hydrazide and aldehyde groups, and

(E) two primary amines. (Adapted from Nobs

et al., 2004 [92].)

H————————————————————————————————————————
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1.3.3.1 Noncovalent Approaches

An electrostatic coupling approach has been applied to link negatively charged

CdTe quantum dots and positively charged enzymes [107]. Electrostatic coupling

also was pursued in several applications to bind positively charged protein do-

mains (pentahistadine segment) to oppositely charged alkyl-COOH-capped quan-

tum dots [31, 42, 88, 108–112]. An alternative electrostatic-based coupling strategy

has been used to bind nanocrystals coated with trimethoxysilylpropyl-urea and ace-

tate groups with high affinity in the cell nucleus [44]. Here the binding of the

silanized nanocrystal surface is controlled with an anionic silane reagent. Nega-

tively charged quantum dots have also been electrostatically bound to positively

charged Maltose Binding Protein [113]. Quite often, adsorbed proteins show a

stabilizing effect on the quantum dot surface, thereby improving the optical prop-

erties of the probes. For example, a two-fold increase in fluorescence was observed

after adsorption of 10–15 Maltose-Binding Protein Pentahistadine (MBP-5HIS) to

the quantum dot surface [114].

1.3.3.2 Covalent Approaches

A relatively straightforward covalent bioconjugation approach is based on the re-

placement of thiol acids present on the quantum dot surface with thiolated bio-

molecules. This strategy has been used to attach oligonucleotides, DNA [41, 84]

and bovine serum albumin (BSA) [86] to quantum dots. Proteins also have been

conjugated to quantum dots by reacting carboxylic acid groups on the nanoparticle

surface with amine groups of the proteins [115]. A similar strategy was used to co-

valently attach IgG and streptavidin to quantum dots. The IgG system was applied

as a cancer marker, whereas the streptavidin system was utilized for labeling actin,

microtubules and the cell nucleus [116].

In another application, antibodies have been bound to quantum dots via sulfo-

NHS crosslinking [117]. In a different approach, reactive biotin was covalently

linked to either surface sulfhydryl or amine functionalities, thus allowing for the

biotinylation of the quantum dot surface and the subsequent binding to streptavi-

din [44]. A biotin–streptavidin coupling approach was chosen, for example, to bind

quantum dots to fibroblasts [44]. In this case, the nanocrystals were functionalized

with biotinamidocaproic acid 3-sulfo-N-hydroxysuccinimide ester and then allowed

to bind to fibroblasts previously incubated with phalloidin–biotin and streptavidin.

A combination of covalent and noncovalent coupling strategies was pursued by

conjugating quantum dots stabilized with amphiphilic PEG lipids to DNA. Here,

the DNA coupling was achieved by replacing 1
2 of the PEG-PE phospholipids with

amino PEG-PE. Thiol modified DNA was then covalently coupled to the amines on

the surface of the quantum dot [118].

1.3.4

Bioconjugation of Metallic Nanoprobes

Most conjugation concepts described for the linkage of ligands to quantum dots

can also be applied to metal nanoparticles, such as Au or Ag nanoprobes. Again,
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surface modification is accomplished using thiol-coupling chemistry. The binding

of biomolecules to these nanoparticles can be covalent or noncovalent. With re-

spect to biofunctionalization, gold nanospheres are particularly attractive because

gold shows excellent biocompatibility properties, and does not require additional

surface chemical modification prior to bioconjugation. In addition, gold nanopar-

ticles can be made with very narrow size distribution. This is advantageous if accu-

rate control of the number of bound biomolecules per nanoparticle is required.

1.3.4.1 Noncovalent Approaches

One option for bioconjugation is the direct attachment of a biomolecule to the

metallic nanoparticle surface. Short peptide chains such as tiopronin [119] and

the tripeptide glutathione [120] have been conjugated directly to a gold surface.

Globular proteins have also been directly conjugated. Miziani et al. conjugated

globular proteins directly to the surface of silver sulfide nanoparticles [121]. In an-

other application, gold nanoparticles were coated with BSA via electrostatic interac-

tions under mild conditions [122]. Due to the bioinertness of gold, biomolecules

directly bound on the gold surface can retain their activity, as shown, for example,

for redox enzymes [123] and cytochrome c [124]. Biotin–streptavidin coupling con-

cepts have also been used. For example, disulfide-modified biotin was conjugated

to gold nanoparticles and subsequently reacted with streptavidin [125].

1.3.4.2 Covalent Approaches

Direct coupling of biomolecules to the surface of metal nanoparticles represents a

very facile bioconjugation strategy. Among the different metals, this conjugation

strategy is best suited for gold because of its excellent bioinertness. For example,

thiol-modified DNA has been conjugated directly to gold particles [74, 126–128].

Direct thiol coupling was also pursued to conjugate SH modified PEG to gold-

shelled silica nanoparticles [129]. Covalent bioconjugation to the nanoparticle can

also be mediated by heterobifunctional crosslinker molecules. One example is the

surface modification of iron oxide nanoparticles with a trifluoroethylester-terminal

poly(ethylene glycol) (PEG) silane and the subsequent coupling of biomolecules via

their terminal amine or carboxyl groups [130].

1.4

Design of Biocompatible Coatings

1.4.1

General Considerations

1.4.1.1 Overview

Though multiple bioconjugation strategies have been worked out, the routine ap-

plication of fluorescent nanoparticles in biomedical imaging remains challenging.

This is largely because not only appropriate conjugation between biomolecules to

nanoparticles is required but other important criteria concerning biocompatibility
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have to be fulfilled. These criteria include (a) prevention of nanoparticle aggrega-

tion in a biological environment, (b) effective suppression of non-specific adsorp-

tion of biomolecules at the nanoparticle surface or their accumulation close to the

surface, and (c) low cytotoxicity (Fig. 1.8). To address these criteria, nanoparticles

need to be capped with protective coatings that show passivating surface proper-

ties. Notably, the first criterion, good colloidal stability, does not guarantee the

biocompatibility of nanoparticles as, firstly, ions and proteins may be accumulated

on or near the nanoparticle surface, thus varying the complex molecular composi-

tion nearby. Secondly, especially with heavy metal-containing quantum dots (e.g.,

CdSe, CdTe), individual nanoparticles may remain cytotoxic if the coating does

not protect the biological environment from released heavy metals ions.

1.4.1.2 Colloidal Stability

The dispersion stability of nanoparticles is well-described by the Derjaguin–

Landau–Verwey–Overbeek (DLVO) theory, which predicts that such stability is

determined by the balance between attractive van der Waals and repulsive electro-

static forces. As a result, nanoparticles are expected to remain stable (show no par-

ticle aggregation) if the strength of the repulsive electrostatic force exceeds that of

the attractive van der Waals (vdW) force. In other words, nanoparticles show no ag-

gregation if they contain a sufficient density of surface charges. Indeed, particles

with charged surface properties do not aggregate in ion-free solutions. At the

same time, this balance can clearly be shifted in favor of vdW forces if the charges

on the particle surface are screened by counter ions in the solution. This is an

important aspect to consider during chemical surface modification, because such

Fig. 1.8. Potential problems compromising the

biocompatibility of fluorescent nanoparticles, including

nanoparticle (NP) clustering, non-specific adsorption of

proteins (P), and release of cytotoxic ions (CT).
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modifications may result in surface charge neutralization, thereby compromising

dispersion stability. More importantly, nanoparticles with charged surfaces tend to

become unstable (show aggregation) in a biological environment. Figure 1.9 shows

the loss of colloidal stability due to charge screening. Here comparative fluores-

cence correlation spectroscopy (FCS) autocorrelation curves from our laboratory

are presented for CdSe/ZnS quantum dots with negatively charged carboxylic acid

surface groups in Millipore water and in 10 mm MES buffer. As illustrated, the

nanoparticles in MES buffer show notably higher diffusion times, indicating their

increasing aggregation. If quantum dots are surface-functionalized with a layer of

hydrophilic polymers such as poly(ethylene glycol) (PEG), colloidal stability can be

achieved even in the presence of ions in solution. Such particle stabilization via

polymer coatings is attributed to the flexibility of polymer chains and their repul-

sive ‘‘entropic spring’’ effect during particle–particle interaction. Currently, the

concept of stabilization of nanoparticles due to the addition of polymeric coatings

is widely accepted. Indeed, several experimental results seem to support the

concept [131, 132]. Peptides adsorbed to the quantum dot surface can also have a

similar stabilizing effect [133]. Conversely, it has been theoretically predicted that

homopolymers, if end-grafted to nanoparticles in good solvents, may lead to nano-

particle attraction [134].

1.4.1.3 Biocompatible Surfaces

To make fluorescent nanoparticles ‘bioinert’, their surfaces need to be designed so

as to prevent the non-specific adsorption of all relevant molecules in the biological

medium. It is challenging to improve the design of surface coatings to a level of

sophistication that fulfills this requirement. Fortunately, promising strategies for

Fig. 1.9. Fluorescence correlation spectros-

copy autocorrelation curves of ZnS-capped

CdSe quantum dots surface-functionalized

with carboxylic acid in Millipore water (dark

curve) and 10 mm MES buffer (lighter curve).

The notably higher diffusion time obtained

for the buffer-based system indicates nano-

particle clustering.
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the creation of bioinert surfaces are known from biomaterials research in the bio-

medical engineering community. As a result, our understanding about the host re-

sponse of living tissue with respect to biomaterials has improved significantly and

numerous sophisticated biomaterials have been developed [135]. A key aspect for

the creation of colloidal solids with sufficient stealth properties in a cellular envi-

ronment is the understanding of protein adsorption. Like surfactants, proteins

have a high tendency to adsorb at interfaces. Interactions between proteins and

surfaces are primarily noncovalent and include electrostatic, hydrophobic, and

hydrogen-bonding interactions [136]. The different interactions result from the

‘‘surface inhomogeneity’’ of proteins, which typically are characterized by surface

patches that may be charged, neutral, hydrophilic, or hydrophobic in character

[137]. Consequently, surface properties of biomaterials affect the mechanism, rate,

and extent of protein adsorption. Protein adsorption can be suppressed most effi-

ciently on biomaterials whose surfaces are neutral, hydrophilic, and highly dy-

namic [138]. A paradigm of a protein-resistant surface is a solid substrate surface-

functionalized with grafted PEG chains [139]. This is so because PEG is electrically

neutral, thus minimizing electrostatic interactions, and highly hydrophilic, thus

minimizing hydrophobic interactions. As the PEG chains are highly dynamic in

an aqueous environment, the formation of strong hydrogen-bonding between pro-

tein and polymer is effectively suppressed. Besides those enthalpic effects, the high

dynamics of the PEG chains results in a high entropy, which is also unfavorable for

protein adsorption. It has been generally assumed that the surface resistance of

PEG functionalized substrates is a result of the steric repulsion grafted PEG chains

show for adsorbing proteins [138, 140, 141]. However, this assumption is valid only

if the grafted PEG chains are of very high molecular weight and show large

enough grafting densities to form polymer brushes [142]. Interestingly, Prime

and Whitesides found that protein adsorption is prevented effectively even if the

PEG chains have only two ethylene oxide segments, thus indicating that surface

coverage is the most important parameter to prevent protein adsorption [143,

144]. In the same context, Single-chain Mean Field Theory (SCMF) calculations

and experimental studies showed that protein adsorption on hydrophobic surfaces

is prevented because PEG chains bind to the hydrophobic substrate, thereby block-

ing possible protein binding sites [145]. A later SCMF study by Szleifer and co-

workers found that polymers with a low substrate affinity are more effective for

kinetic control, whereas those with a higher affinity lead to a lower equilibrium

concentration of adsorbed proteins [146]. Obviously, protein adsorption on sub-

strates surface grafted with synthetic polymers is dependent on both the steric

hindrance effect of the grafted polymer layer and the affinity of the underlying sub-

strate for proteins and other molecules.

1.4.1.4 Cytotoxicity

Several potential processes lead to cytotoxicity. One source of nanoparticle-induced

cytotoxicity, rather independent of particle composition, occurs if nanoparticles

adsorb to cell surfaces [147, 148] or if they get ingested by cells [149, 150]. The cy-

totoxicity of CdSe/ZnS quantum dots is suggested to be due mostly to their inter-
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action with cells [151]. Another source of nanoparticle-induced cytotoxicity occurs

when the nanoparticle is composed of toxic materials that can be gradually re-

leased. A prominent example concerning fluorescent nanoparticles is the gradual

release of heavy metal ions such as Cd2þ from CdSe or CdSe/ZnS quantum dots

[152, 153]. Heavy metal ions are cytotoxic and often show several pathways of cyto-

toxicity. Indeed, Cd2þ may induce hepatotoxicity, immunotoxicity, and nephrotoxic-

ity; apoptosis being a critical part of each toxicity type [154]. Studies concerning

Cd-induced hepatotoxicity show, for example, the relevance of direct and indirect

cytotoxic pathways [155]. The direct pathway is caused by Cd2þ binding to sulf-

hydryl groups on key mitochondrial molecules, thus damaging the mitochondria.

The indirect pathway, though, is assumed to occur via activation of Kupffer cells.

However, not all metals show such pronounced cytotoxicity. For example, gold

nanoparticles have good biocompatibility properties [156]. From the above infor-

mation, nanoparticles only show very low cytotoxicity if all potential sources of

cytotoxicity are prevented efficiently.

1.4.2

Nanoparticle-stabilizing Coatings

To enhance the biocompatibility of nanoparticles, one popular strategy has been to

cap the nanoparticles with polymeric coatings of high biocompatibility. In particu-

lar, poly(ethylene glycol) (PEG) has been applied as a coating material because of

its excellent biocompatibility properties. Originally studied on flat macroscopic

surfaces for biomaterials applications, PEG coatings have been widely applied to

sub-micron sized delivery systems and imaging probes [48, 49, 116, 118, 131, 157,

158]. Delivery systems coated with PEG have notably longer circulation times in

the blood, thus exceeding traditional non-nanoparticle-based delivery methods for

the prolonged delivery of drugs, diagnostics, genes, and vaccines [159–162]. Based

on the success of PEG coatings in drug delivery systems, similar coating strategies

have been applied to the design of biocompatible coatings of nm-size imaging

probes in biological and biomedical imaging. A facile approach for adding a PEG

layer to the quantum dot surface is via physisorption of amphiphilic molecules

[116, 118]. Here one interesting strategy has been to use PEG-containing lipopoly-

mers, which result in excellent colloidal stability in Xenopus embryo cells over

several days [118]. In an alternative amphiphilic passivation approach, block co-

polymers have been utilized to enable colloidal stability of quantum dots [116,

163, 164].

Chemically coupled PEG coatings have even greater stability. Wuelfing et al. re-

ported the surface functionalization of gold nanoparticles using CH3O-PEG-SH

[131]. Covalent PEG coatings were also used to increase the colloidal stability of

CdSe [49], CdS, [158] and SiO2-capped CdS [48] quantum dots. However, in these

cases, the PEG coatings lack reactive surface groups, thus preventing the further

immobilization of ligands on the PEG layer. To overcome this limitation, nanopar-

ticles need to be surface-functionalized via mixtures of mono-functional PEGs and

other linker molecules [48] or via heterobifunctional PEG-linkers. Heterobifunc-
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tional PEG-linkers can be synthesized via monoprotected symmetric PEG linkers,

such as monoprotected diamines derived from tetraethylene glycol [165–167].

Another strategy for the synthesis of heterobifunctional PEG linkers is based on

the ring-opening polymerization of ethylene oxide using a metal alkoxide initiator

[168–171]. For example, a-acetal-PEG-SH has been synthesized using this strategy

[172]. Here the facile modification of the acetal group into a reactive aldehyde al-

lowed the immobilization of ligand molecules on the surface of PEGylated gold

particles [173]. Meanwhile, various heterobifunctional PEG linkers are also com-

mercially available. Figure 1.10 shows the design of a biocompatible surface coat-

ing where a few linkers support the targeted immobilization of ligand molecules.

Such a design can be accomplished by using a mixture of homofunctional and het-

erobifunctional PEGs. An excess of homofunctional PEG molecules, which have

no reactive surface groups after surface coating, suppresses the non-specific bind-

ing of proteins, whereas the heterobifunctional linkers facilitate the targeted cou-

pling to ligands. Notably, however, a PEG layer does not prevent cytotoxic side re-

actions due to the leaching of toxic heavy metal ions from quantum dots. In those

cases, an additional protective layer preventing the egress of harmful ions is essen-

tial [153].

PEG-based coatings are not the only biocompatible polymeric coatings. For ex-

ample, poly(acrylic acid) has been used to stabilize luminescent silicon nanopar-

ticles [174]. Because this anionic polyelectrolyte has a high density of carboxylic

acid moieties, the immobilization of amine-containing molecules is straightfor-

ward. A similar concept has been applied to conjugate CdS quantum dots with

aminodextran [175]. Dendrimers have also been used as stabilizing coating mate-

rial [176]. Quantum dots have been embedded into larger polymeric spheres via a

facile procedure using block copolymers [163, 177], and CdSe-ZnS quantum dots

have been incorporated into glyconanospheres via electrostatic coupling with car-

boxymethyldextran and polylysine [178]. Several other procedures have afforded

gold glyconanospheres [173, 179, 180]. Quantum dots capped with specific peptide

coatings have recently been shown to be quite promising biocompatible imaging

Fig. 1.10. Design of nanoparticles with

stabilizing, biocompatible coatings, including

(A) adsorption of amphiphilic molecules such

as amphiphilic diblock copolymers; (B)

chemical coupling of hydrophilic polymeric

systems; and (C) linkage of spacer molecules

with hydrophilic surface groups.
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probes that can be designed for targeted labeling of biomolecules [20, and refer-

ences therein].

1.4.3

Low Cytotoxicity Coatings

As stated before, successful application of fluorescent nanoparticles in a biological

environment requires not only high dispersion stability and the suppression of

non-specific biomolecule adsorption, but also should show low cytotoxicity. This

topic is particularly important for applications involving quantum dots where toxic

heavy metal ions can be released [152]. If properly passivated, quantum dots seem

to show no significant cytotoxicity. For example, a study on Xenopus embryos did

not reveal significant cytotoxicity after injection of 2� 109 and 5� 109 CdSe/ZnS

quantum dots per cell [118].

Several strategies have been pursued to suppress this oxidation process. One

approach is simply to passivate the quantum dot surface with binding ligands

[181]. Importantly, such a passivation not only lowers the cytotoxicity of nano-

probes, but also enhances their quantum yields. Quantum dots can be further pas-

sivated by adding a protecting semiconductor shell. Such coatings also significantly

lower the cytotoxicity of CdSe quantum dots, but do not completely eliminate the

problem [152]. Surface silanization is another promising approach to suppress-

ing surface oxidation [44, 46, 182–184]. The stability of the coating is provided by

crosslinks within the siloxane shell. Importantly, such shells are quite stable in a

biological environment [46]. Furthermore, CdSe/ZnS quantum dots with a protec-

tive shell of crosslinked silica significantly reduce the release of Cd2þ, thus lower-

ing the cytotoxicity of fluorescent nanoparticles [153]. Interestingly, the addition of

a bovine serum albumin (BSA) layer further reduced the cytotoxicity of CdSe/ZnS

quantum dots [152]. The BSA, added to the mercaptoacetic acid-functionalized

quantum dot surface using EDC coupling, may act as a diffusion barrier for O2

molecules.

Based on the above discussion, the appropriate biofunctionalization of nanopar-

ticles clearly must address the features of colloidal stability, bioinertness, specificity

with respect to target biomolecules, and low cytotoxicity. Figure 1.11 shows a

biofunctionalization architecture where these crucial features are considered in its

design.

1.5

Applications

Our growing ability to synthesize and surface-functionalize nanoparticles has

provided new opportunities in bioanalytical and biological imaging applica-

tions. Metallic nanoparticles have been used primarily in bioanalytical projects.

Nanoparticle-based imaging applications, however, rely more on dye-doped poly-

meric nanoparticles and quantum dots due to their excellent fluorescence proper-
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ties and photostability. While dye-doped systems have been used initially in such

imaging applications, quantum dots have recently increasingly become the nano-

particle systems of choice. It is fair to say that further progress in bioanalytical

and imaging applications is strongly linked to the availability of novel biofunction-

alized nanoparticles of improved designs. Though developing rapidly, this highly

interdisciplinary field is still in its infancy. The rapidly growing number of publica-

tions over the last decade reflect its relevance.

Though this chapter focuses primarily on the relevant concepts of biofunctional-
ization, this section describes recent applications using biofunctionalized fluores-

cent nanoparticles. We do not claim to review all published applications where

such particles have been used because this is clearly beyond the scope of the

chapter. Instead, the intent is to provide a representative overview of recent

nanoparticle-related applications in the fields of diagnostics and live cell and in
vivo imaging.

1.5.1

Biosensing

Fluorescent nanoparticles are highly promising probes for bioanalytical appli-

cations. In particular, their use in the field of biosensors is attractive because

fluorescence-based techniques are extremely sensitive and nanoparticle probes

show high photostability, thus allowing for long-term observations.

Fig. 1.11. Schematic of an appropriately biofunctionalized

quantum dot. The inner coating protects from surface oxidation

whereas the outer coating guarantees dispersion stability and

biocompatibility. Immobilized ligands mediate the specific

binding to biomolecules.
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1.5.1.1 Polymeric Sensors

Bioanalytical applications based on polymeric nanoparticles are now well estab-

lished. In one application, the combination of two silica precursors, tetraethyl-

orthosilicate and phenyltriethoxysilane, was used to synthesize organic dye-doped

silica nanoparticles. The nanoparticles were coated with avidin to determine bio-

tinylated bovine serum albumin. In addition, a glutamate sensor was designed by

immobilizing glutamate dehydrogenase on the nanoparticle surfaces [185]. In an-

other application, a BODIPY-doped polymeric nanoparticle was designed for the

detection of Cu2þ. Here the metal-chelating receptor, cyclam, was covalently bound

to the surface of the nanoparticle. In the presence of Cu2þ the fluorescence emis-

sion of the BODIPY is quenched by the overlapping adsorption band of the metal–

chelator complex [186]. Fluorescent polymeric nanoparticles have also been used

for the intracellular monitoring of key biological components. Using three differ-

ent nanoparticle fabrication technologies, sensors based on polyacrylamide, cross-

linked decyl methacrylate, and silica-based sol–gel have been characterized in

aqueous solution and intracellular surroundings. Each matrix can be combined

with specific ‘‘free dyes’’, ionophores, or enzymes to produce sensors selective for

the biological component of interest. These nano-optodes are termed PEBBLEs

(probes encapsulated by biol. localized embedding). Spherical sensors less than

600 nm in diam. (and reducible to below 100 nm) have been made from all three

matrices. Acrylamide-based sensors have been used to monitor intracellular pH

and calcium (with proven selectivity over Mg2þ). Decyl methacrylate has been suc-

cessfully applied to intracellular potassium monitoring with probes 1000� more

selective for potassium than sodium. Such a sol–gel-based approach has also

proven useful for monitoring intracellular oxygen at physiologically interesting

concentrations. PEBBLEs, with a wide range of both simple and complex sensing

schemes, provide a unique tool for minimally invasive intracellular monitoring,

with many significant advantages over free dyes as well as over fiber-optic sensors

[187–189].

1.5.1.2 Quantum Dot Sensors

The great potential of quantum dots for sensing applications has been demon-

strated in several instances. In one application, quantum dots have been utilized

as maltose sensors [114]. Here quantum dots were surface-functionalized with a

maltose-binding protein (MBP) containing b-cyclodextrin-QSY-9 attached to the

binding site to quench the quantum dot emission. The senor concept is that malt-

ose displaces the b-cyclodextrin-QSY-9, thus inducing quantum dot emission. An-

other reported quantum dot-based maltose sensor using MBP acts as a double

FRET sensor [114]. Here the quantum dot emission excites Cy3 that is adsorbed

on the surface of the MBP. The Cy3 emission then excites the b-cyclodextrin–

Cy3.5 whose emission is observed. Once maltose is introduced to the sensor, the

Cy3 emission is no longer quenched by the Cy3.5, because the b-cyclodextrin–

Cy3.5 has been displaced by maltose [114].

Quantum dots also show great promise in immunoassays. For example, an im-

munoassay has been performed by binding an antibody covalently to a glass chip,
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followed by binding of the antigen. The antigen was then detected with the addi-

tion of antibody labeled quantum dots, which bound selectively to the captured an-

tigen [190]. In another application, Tran et al. prepared quantum dot conjugates

with the immunoglobin G (IgG) binding domain of streptococcal protein G (PG)

appended with a basic leucine zipper attachment domain (PG-zb). They also dem-

onstrated that the quantum dot/PG conjugates retain their ability to bind IgG anti-

bodies, and that a specific antibody coupled to quantum dots via the PG functional

domain efficiently binds its antigen. Preliminary results indicated that electrostati-

cally self-assembled quantum dot/PG-zb/IgG bioconjugates can be used in fluoro-

immunoassays [191]. Quantum dot–antibody conjugates were again successfully

used in fluoro-immunoassays to detect both a protein toxin (staphylococcal enter-

otoxin B) and a small molecule (2,4,6-trinitrotoluene) [108]. Goldman et al. de-

scribed a conjugation strategy employing an engineered molecular adaptor protein,

attached to the quantum dots via electrostatic/hydrophobic self-assembly, to link

quantum dots with antibodies. Quantum dots can also be used as sensors for sug-

ars; a quantum dot FRET application using adsorbed MBP has been mentioned

[114].

Powerful sensor concepts can also be designed using the multiplexing capa-

bility of quantum dots. This results from the broad excitation and narrow, size-

dependent emission bands of quantum dots. This concept has been used, for ex-

ample, to embed quantum dots of six different colors and ten intensities per color

in nanoparticles composed of styrene, divinylbenzene, and acrylic acid. This com-

bination can, theoretically, code one million nucleic acids or protein sequences

[80]. In another application, a high-throughput assay has been developed for the

parallel detection of antibodies using quantum dot microbeads. In this case, a cus-

tom designed microfluidic chip with multiple micro-wells was utilized for captur-

ing of microbeads, antibody injection into each micro-well, QD injection, and fluo-

rescence detection [192]. These beads could be identified with a standard flow

cytometer at a rate of 1000 beads s�1 [193].

1.5.1.3 Metallic Sensors

Gold nanoparticles (2.5 nm) have been used to recognize and detect specific DNA

sequences and single-base mutations. Detection is based on fluorescently tagged,

thiol modified oligonucleotides bound to the surface of the gold nanoparticle.

Upon self-assembly, the fluorophores arch toward the gold surface, quenching the

fluorescence. Upon binding the appropriate target sequence, the oligonucleotide

undergoes a conformational change, moving it away from the gold nanoparticle

surface, and restoring the fluorescence [194]. Another interesting approach to

ultrasensitive detection of DNA hybridization is based on Au nanoparticle-

amplified surface plasmon resonance (SPR). Interestingly, even without further op-

timization, the sensitivity of this technique begins to approach that of traditional

fluorescence-based methods for DNA hybridization and oligonucleotide detection

[62]. Gold nanoparticles have also been used in the detection of glucose and glu-

cose oxidase. The growth of the Au nanoparticles requires H2O2 and converts it

into O2. In the presence of glucose oxidase and glucose, O2 is converted into
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H2O2, allowing the Au nanoparticles to grow, thus giving a shift in absorbance

over time [195]. Finally, Ag has also been employed for surface plasmon-based

nanosensors concerning the detection of Alzheimer’s disease. Autopsied brain

samples of humans with Alzheimer’s disease show elevated levels of amyloid-

derived diffusible ligands (ADDLs), which suggest that a definitive chemical diag-

nosis of Alzheimer’s could be achieved with a sensitive method to detect ADDL or

anti-ADDL antibodies. The lmax of silver nanoparticles conjugated with anti-ADDL

was monitored before and after the incubation with ADDL. The resulting Dlmax

indicated that it is possible to monitor the interaction between ADDL and anti-

ADDL using Ag nanoparticles. While undergoing a promising initial trial, the

practicality of the system as a sensor is limited because its specificity becomes low

at nm concentrations of anti-ADDLs [196].

1.5.2

Fluorescent Nanoparticles as Labels in Biological Imaging

1.5.2.1 Dye-doped Nanoparticles

Though very small, fluorescent dyes are only of limited applicability in biological

imaging because of their poor photostability and limited brightness. To improve

the photostability, initially, dye-doped nanoparticles have been used as photostable

imaging probes. For example, 20 nm dye-doped latex nanoparticles have been

linked to DNA-binding proteins (restriction enzyme EcoR1) to probe specific se-

quences on stretched DNA [7]. In addition, ruthenium bipyridyl-doped silica nano-

particles can be used to stain and image leukemia cells [4]. More recently, Ru(bpy)-

doped silica nanoparticles have been applied successfully in several fluorescent

imaging applications, including immunocytochemistry, immunohistochemistry,

and DNA and protein microarrays [197]. Here the nanoparticles were surface-

functionalized with avidin, thus allowing straightforward coupling to biotinylated

antibodies. In one case, avidin-capped, dye-doped silica nanoparticles were conju-

gated with biotinylated mouse anti-hIgM to stain human peripheral blood mono-

nuclear cells. In another case, these photostable nanoprobes were coupled to

biotinylated goat anti-ChAT antibodies to label choline acetyltransferase to image

mouse brain tissue. Interestingly, these dye-doped silica nanoparticles are not out-

performed by quantum dots with respect to photostability.

1.5.2.2 Quantum Dots

Among the different types of fluorescent nanoparticles, quantum dots seem to

show the greatest promise as labels in biological imaging applications. Since their

introduction as labels in cellular imaging in 1998 [44, 115], multiple reports have

shown the strengths of these nanoprobes for tagging and imaging applications

in biological systems. This strength is based on the impressive photostability of

quantum dots and on their broad excitation and narrow size-dependent emission

properties. Most importantly, the high photostability guarantees the observation of

biomolecules over longer time periods. Dubertret et al. have reported a very elegant

example of such a long-term observation of biological processes [118]. Here, quan-
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tum dots with biocompatible coatings were injected into Xenopus embryos and

their movement into different cells during tadpole development was monitored

over several days.

Quantum dot multi-color imaging in cells is another fascinating imaging

approach. For example, quantum dots biofunctionalized with streptavidin and IgG

have been used to label the breast cancer marker Her2 on fixed and live cancer

cells, to tag actin and microtubules, and to stain nuclear antigens inside the nu-

cleus [116]. Quantum dots have also been shown to be useful in studying ATP

driven biological processes. The in vitro sliding of quantum dot labeled actin fila-

ments was observed over periods of 10–12 s [198]. The chaperonin proteins GroEL

(from Escherichia coli) and T.th (‘T.th cpn’, from Thermus thermophilus HB8) typi-

cally encapsulate denatured proteins within a cavity and release them in the pres-

ence of ATP. This encapsulation and release technique was used to give quantum

dots high thermal and chemical stability in various aqueous mediums, while also

allowing the controlled release of quantum dots [199].

Quantum dot labels are particularly advantageous over traditional organic dyes

in single-molecule tracking applications because dye-based tracking experiments

are limited by very short observation times [200, 201]. Quantum dot-based single

molecule tracking in biological systems represents a fascinating emerging research

area. The first results indicate great promise. Dahan et al. have successfully tracked

individual quantum dot-tagged glycine receptors in the neuronal membrane of live

cells and analyzed the diffusion properties [202]. Furthermore, this technique al-

lowed them to observe the entry of individual glycine receptors into the synapse,

which was confirmed by electron microscopy experiments. The ability to detect

quantum dots not only optically but also by electron microscopy is clearly a very

powerful feature. Another recent single-molecule application was related to the

monitoring of quantum dot-labeled epidermal growth factor. In this case, a new

transport process was discovered [203].

Fluorescent nanoparticles have also been applied in animal imaging experi-

ments; again, quantum dots seem to show great promise. Proper biocompatible

surface coating is essential for long-term stability of the probes in a biological envi-

ronment [204]. In another application, quantum dots have been targeted in vivo via
peptides immobilized on the quantum dot surface [205]. Here, several types of

peptides were used to label different regions of the mice tissue. Thus, quantum

dots with lung-targeting peptides were shown to accumulate in the lungs of mice

whereas other peptides targeted quantum dots to blood or lymphatic vessels in tu-

mors. Targeted quantum dot transport in live animals was recently reported in

mice [164]. In this case, PEG-coated nanoprobes were used that carried conjugated

antibodies directed against prostate-specific membrane antigens. A clear boost in

animal imaging should be expected from the recent development of quantum

dots with emission bands in the near-infrared (NIR) because this wavelength range

offers an optical window for tissue imaging. Indeed, NIR quantum dots have been

applied successfully to conduct imaging experiments on rat and porcine tissue

[206, 207]. In one case, rat coronary vasculature was studied. In the other case, por-

cine sentinel lymph nodes were imaged. Interestingly, when injected interdermally

28 1 Biofunctionalization of Fluorescent Nanoparticles



on the thigh of a 35 kg pig, doctors could visualize the nearby sentinel lymph

nodes within 3–4 min and use the infrared signal as a guide during surgery. De-

spite the relatively low power NIR excitation used (5 mW cm�2) the sentinel lymph

nodes were observed as deep as 1 cm below the skin surface.

References

1 Saxton, M. J., Jacobson, K., Single

particle tracking: Applications to

membrane dynamics. Annu. Rev.
Biophys. Biomol. Struct. 1997, 26, 373–
399.

2 Kreuter, J., in Microcapsules and
Nanoparticles in Medicine and
Pharmacy (Ed.: N. Dombrow), CRC,
Boca Raton, FL, 1992.

3 Niemeyer, C. M., Nanoparticles,

proteins, nucleic acids: Biotechnology

meets Materials Science. Angew. Chem.
Int. Ed. 2001, 40, 4128–4158.

4 Bagwe, R. P., Zhao, X., Tan, W.,

Bioconjugated luminescent nano-

particles for biological applications.

J. Dispers. Sci. Technol. 2003, 3&4,
453–464.

5 Santra, S., Wang, K., Tapec, R., Tan,

W. H., Development of novel dye

doped silica nanoparticles for

biomarker applications. J. Biomed.
Opt. 2001, 6, 160–166.

6 Gao, H., Zhao, Y., Fu, S., Li, B., Li,

M., Preparation of novel polymeric

fluorescent nanoparticles. Colloid
Polym. Sci. 2002, 280, 653–660.

7 Taylor, J. R., Fang, M. M., Nie, S.,

Probing specific sequences on single

DNA molecules with bioconjugated

fluorescent nanoparticles. Anal. Chem.
2000, 72, 1979–1986.

8 Jain, T. K., Roy, I., De, T. K., Maitra,

A. N., Nanometer silica particles

encapsulating active compounds: a

novel ceramic drug carrier. J. Am.
Chem. Soc. 1998, 120, 11092–11095.

9 Zhao, X. J., Tapec-Dytioco, R.,

Wang, K. M., Tan, W. H., Collection

of trace amounts of DNA/mRNA

molecules using genomagnetic

nanocapturers. Anal. Chem. 2003, 75,
3476–3483.

10 Van Blaaderen, A., Vrji, A.,

Synthesis and characterization of

colloidal dispersions of fluorescent,

monodisperse silica spheres. Langmuir
1992, 8, 2921–2931.

11 Bagwe, R. P., Yang, C., Hillard,

L. R., Tan, W., Optimization of dye-

doped silica nanoparticles prepared

using a reverse microemulsion

method. Langmuir 2004, 20, 8336–
8342.

12 Bagwe, R. P., Khilar, K. C., Effects of

intermicellar exchange rate on the

formation of silver nanoparticles in

reverse microemulsions of AOT.

Langmuir 2000, 16, 906–910.
13 Makarova, A. V., Ostafin, A. E.,

Miyoshi, H., Norris, J. R., Meisel,

D., Adsorption and encapsulation of

fluorescent probes in nanoparticles. J.
Phys. Chem. B 1999, 103, 9080–9084.

14 Meyssamy, H., Riwotzki, R.,

Kornowski, A., Naused, S., Haase,

M., Wet-chemical synthesis of doped

colloidal nanomaterials: Particles and

fibers of LaPO4:Eu, LaPO4:Ce, and

LaPO4:Ce,Tb. Adv. Mater. 1999, 11,
840–844.

15 Meiser, F., Cortez, C., Caruso, F.,

Biofunctionalization of fluorescent

rare-earth-doped lanthanum

phosphate colloidal nanoparticles.

Angew. Chem. Int. Ed. 2004, 43, 5954–
5957.

16 Brus, L. E., A simple model for the

ionization potential, electron affinity,

and aqueous redox potentials of small

semiconductor crystallites. J. Chem.
Phys. 1983, 79, 5566–5571.

17 Brus, L. E., Electron-electron and

electron-hole interactions in small

semiconductor crystallites: the size

dependence of the lowest excited

References 29



electronic state. J. Chem. Phys. 1983,
80, 4403–4409.

18 Chestnoy, N., Harris, T. D., Hull,

R., Brus, L. E., Luminescence and

photophysics of cadmium sulfide

semiconductor clusters: the nature of

the emitting electronic state. J. Phys.
Chem. 1986, 90, 2555–2560.

19 Bawendi, M. G., Steigerwald,

M. W., Brus, L. E., The quantum

mechanics of larger semiconductor

clusters (‘‘quantum dots’’). Annu. Rev.
Phys. Chem. 1990, 41, 477–496.

20 Michalet, X., Pinaud, F. F.,

Bentolila, L. A., Tsay, J. M., Doose,

S., Li, J. J., Sundaresan, G., Wu,

A. M., Gambhir, S. S., Weiss, S.,

Quantum dots for live cells, in vivo

imaging, and diagnostics. Science
2005, 307, 538–544.

21 Wilson, W. L., Szajowski, P. F.,

Brus, L. E., Quantum confinement in

size-selected surface-oxidised silicon

nanocrystals. Science 1993, 262, 1242–
1244.

22 Bley, R. A., Kauzlarich, S. M., A

Low-temperature solution phase route

for the synthesis of silicon nano-

clusters. J. Am. Chem. Soc. 1996, 118,
12461–12462.

23 Holmes, J. D., Ziegler, K. J., Doty,

R. C., Pell, L. E., Johnston, K. P.,

Korgel, B. A., Highly luminescent

silicon nanocrystals with discrete

optical transitions. J. Am. Chem. Soc.
2001, 123, 3743–3748.

24 Hines, M. A., Guyot-Sionnest, P.,

Synthesis and characterization of

strongly luminescing ZnS-capped

CdSe nanocrystals. J. Phys. Chem.
1996, 100, 468–471.

25 Stsiapura, V., Sukhanova, A.,

Artemyev, M., Pluot, M., Cohen, J.

H. M., Baranov, A. V., Oleinikov, V.,

Nabiev, I., Functionalized nanocrystal-

tagged fluorescent polymer beads:

synthesis, physicochemical charac-

terization, and immunolabeling

application. Anal. Biochem. 2004, 334,
257–265.

26 Reiss, P., Bleuse, J., Pron, A., Highly

luminescent CdSe/ZnSe core/shell

nanocrystals of low size dispersion.

Nano Lett. 2002, 2, 781–784.

27 Peng, X., Wickham, J., Alivisatos,

A. P., Epitaxial growth of highly

luminescent CdSe/CdS core/shell

nanocrystals with photostability and

electronic accessibility. J. Am. Chem.
Soc. 1998, 120, 5343–5344.

28 Peng, Z. A., Peng, X., Kinetics of II–

VI and III–V colloidal semiconductor

nanocrystal growth: ‘‘Focusing’’ of size

distributions. J. Am. Chem. Soc. 2001,
123, 183–184.

29 Murcia, M. J., Shaw, D. L.,

Woodruff, H., Naumann, C. A.,

Young, B. A., Long, E. C., Facile

sonochemical synthesis of highly-

luminescent ZnS-shelled CdSe

quantum dots. Submitted to Chem.
Mater.

30 Rogach, A. L., Katsikas, L.,

Kornowski, A., Su, D., Eychmueller,

A., Weller, H., Bunsenges, B.,

Synthesis, morphology, and optical

properties of thiol-stabilized CdTe

nanoclusters in aqueous solution.

Berich. Bunsen Gesell. 1997, 101(11),
1668–1670.

31 Mamedova, N. N., Kotov, N. A.,

Rogach, A. L., Studer, J., Albumin-

CdTe nanoparticle bioconjugates:

Preparation, structure, and interunit

energy transfer with antenna effect.

Nano Lett. 2001, 1, 281–286.
32 Lakowicz, J. R., Gryczynski, I.,

Gryczynski, Z., Murphy, C. J.,

Luminescence spectral properties of

CdS nanoparticles. J. Phys. Chem. B
1999, 103, 7613–7620.

33 Torimoto, T., Yamashita, M.,

Kuwabata, S., Sakata, T., Mori, H.,

Yoneyama, H., Fabrication of CdS

nanoparticle chains along DNA double

strands. J. Phys. Chem. B 1999, 103,
8799–8803.

34 Lakowicz, J. R., Gryczynski, I.,

Gryczynski, Z., Nowaczyk, K.,

Murphy, C. J., Luminescence spectral

properties of CdS nanoparticles. Anal.
Biochem. 2000, 280, 128–136.

35 Bigham, S. R., Coffer, J. L.,

Thermochemical passivation of DNA-

stabilized Q-cadmium sulfide

nanoparticles. J. Cluster Sci. 2000, 11,
359–372.

36 Li, X., Coffer, J. L., Effect of pressure

30 1 Biofunctionalization of Fluorescent Nanoparticles



on the photoluminescence of

polynucleotide-stabilized cadmium

sulfide nanocrystals. Chem. Mater.
1999, 11, 2326–2330.

37 Willner, I., Patolsky, F.,

Wasserman, J., Photoelectrochemistry

with controlled DNA-cross-linked CdS

nanoparticle arrays. Angew. Chem. Int.
Ed. 2001, 40, 1861–1864.

38 Chen, H. M., Huang, X. F., Xu, L.,

Xu, J., Chen, K. J., Feng, D., Self-

assembly and photoluminescence of

CdS-mercaptoacetic clusters with

internal structures. Superlatt.,
Microstruct. 2000, 27, 1–5.

39 Peng, X., Schlamp, M. C.,

Kadavanich, A. V., Alivisatos, A. P.,

Epitaxial growth of highly luminescent

CdSe/CdS core/shell nanocrystals with

photostability and electronic

accessibility. J. Am. Chem. Soc. 1997,
119, 7019–7029.

40 Passow, T., Leonardi, K., Hommel,

D., Optical and structural properties of

CdSe/Zn(S)Se quantum dot stacks.

Phys. Stat. Sol. B 2001, 224, 143–146.
41 Pathak, S., Choi, S. K., Arnheim,

N., Thompson, M. E., Hydroxylated

quantum dots as luminescent probes

for in situ hybridization. J. Am. Chem.
Soc. 2001, 123(17), 4103–4104.

42 Mattoussi, H., Mauro, J. M.,

Goldman, E. R., Anderson, G. P.,

Sundar, V. C., Mikulec, F. V.,

Bawendi, M. G., Bioconjugation of

highly luminescent colloidal CdSe-

ZnS quantum dots with an

engineered two-domain recombinant

protein. J. Am. Chem. Soc. 2000, 122,
12142–12150.

43 Mattoussi, H., Mauro, J. M.,

Goldman, E. R., Green, T. M.,

Anderson, G. P., Sundar, V. C.,

Bawendi, M. G., Bioconjugation of

highly luminescent colloidal CdSe-

ZnS quantum dots with an

engineered two-domain recombinant

protein. Phys. Stat. Sol. B 2001, 224(1),
277–283.

44 Brunchez, M. J., Moronne, M., Gin,

P., Weiss, S., Alivisatos, A. P.,

Semiconductor nanocrystals as

fluorescent labels. Science 1998, 281,
2013–2016.

45 Liz-Marzán, L. M., Giersig, M.,

Mulvaney, P., Synthesis of nanosized

gold-silica core-shell particles.

Langmuir 1996, 12, 4329–4335.
46 Gerion, D., Pinaud, F., Williams,

S. C., Parak, W. J., Zanchet, D.,

Weiss, S., Alivisatos, A. P., Synthesis

and properties of biocompatible water-

soluble silica-coated CdSe/ZnS

semiconductor quantum dots. J. Phys.
Chem. B 2001, 105, 8861–8871.

47 Schroedter, A., Weller, H., Ligand

design and bioconjugation of colloidal

gold nanoparticles. Angew. Chem. Int.
Ed. 2002, 41, 3218–3221.

48 Parak, W. J., Gerion, D., Zanchet,

D., Woerz, A. S., Pellegrino, T.,

Micheel, C., Williams, S. C., Seitz,

M., Bruehl, R. E., Bryant, Z.,

Bustamante, C., Bertozzi, C. R.,

Alivisatos, A. P., Conjugation of

DNA to silanized colloidal semicon-

ductor nanocrystalline quantum dots.

Chem. Mater. 2002, 14, 2113–2119.
49 Skaff, H., Emrick, T., The use of

4-substituted pyridines to afford

amphiphilic, pegylated cadmium

selenide. Chem. Commun. 2003, 52–
53.

50 Kamat, P. V., Photophysical,

photochemical and photocatalytic

aspects of metal nanoparticles. J. Phys.
Chem. B 2002, 106, 7729–7744.

51 Wilcoxon, J. P., Martin, J. E.,

Parsapour, F., Wiedenman, B.,

Kelley, D. F., Photoluminescence

from nanosize gold clusters. J. Chem.
Phys. 1998, 108(21), 9137–9143.

52 Moffitt, M., Vali, H., Eisenberg, A.,

Spherical assemblies of semiconductor

nanoparticles in water-soluble block

copolymer aggregates. Chem. Mater.
1998, 10, 1021–1028.

53 Huang, T., Murray, R. W., Visible

Luminescence of water-soluble

monolayer-protected gold clusters. J.
Phys. Chem. B 2001, 105, 12498–
12502.

54 Sato, T., Ichikawa, T., Ito, T.,

Yonezawa, Y., Kadono, K.,

Sakaguchi, T., Miya, M., Nonlinear

optical properties of silver sols

prepared by photoreduction method.

Chem. Phys. Lett. 1995, 242, 310–314.

References 31



55 François, L., Mostafavi, M.,

Belloni, J., Delouis, J. F., Delaire,

J., Feneyrou, P., Optical limitation

induced by gold clusters: 1. Size effect.

J. Phys. Chem. B 2000, 104, 6133–
6137.

56 Keating, C. D., Kovaleski, K. K.,

Natan, M. J., Heightened electro-

magnetic fields between metal nano-

particles: Surface enhanced raman

scattering from metal-cytochrome

c-metal sandwiches. J. Phys. Chem. B
1998, 102, 9414–9425.

57 Hulteen, J. C., Treichel, D. A.,

Smith, M. T., Duval, M. L., Jensen,

T. R., Van, R. P., Nanosphere

lithography: Size-tunable silver

nanoparticle and surface cluster

arrays. J. Phys. Chem. B 1999, 103,
3854–3863.

58 Michaels, A. M., Jiang, J., Brus, L.,

Ag nanocrystal junctions as the site

for surface-enhanced Raman

scattering of single rhodamine 6G

molecules. J. Phys. Chem. B 2000, 104,
11965–11971.

59 Oldenburg, S. J., Westcott, S. L.,

Averitt, R. D., Halas, N. J., Surface

enhanced Raman scattering in the

near infrared using metal nanoshell

substrates. J. Chem. Phys. 1999, 111,
4729–4735.

60 Lee, P. C., Meisel, D., Adsorption and

surface-enhanced Raman of dyes on

silver and gold sols. J. Phys. Chem.
1982, 86(17), 3391–3395.

61 Freeman, R. G., Hommer, M. B.,

Grabar, K. C., Jackson, M. A.,

Natan, M. J., Ag-clad Au nanopar-

ticles: Novel aggregation, optical, and

surface-enhanced Raman scattering

Properties. J. Phys. Chem. 1996, 100,
718–724.

62 He, L., Musick, M. D., Nicewarner,

S. R., Salias, F. G., Benkovic, S. J.,

Natan, N. J., Keating, C. D.,

Colloidal Au-enhanced surface

plasmon resonance for ultrasensitive

detection of DNA hybridization. J. Am.
Chem. Soc. 2000, 122, 9071–9077.

63 Brust, M., Walker, M., Bethell, D.,

Schiffrin, D. J., Whymann, R. J.,

Synthesis of thiol-derivatised gold

nanoparticles in a two-phase liquid–

liquid system. J. Chem. Soc., Chem.
Commun. 1994, 7, 801–802.

64 Brust, M., Fink, J., Bethell, D.,

Schiffrin, D. J., Kiely, C. J.,

Synthesis and reactions of

functionalised gold nanoparticles. J.
Chem. Soc., Chem. Commun. 1995, 16,
1655–1656.

65 Kolb, U., Quasier, S. A., Winter, M.,

Reetz, M. T., Investigation of tetra-

alkylammonium bromide stabilized

palladium/platinum bimetallic

clusters using extended X-ray absorp-

tion fine structure. Chem. Mater. 1996,
8, 1889–1894.

66 Fink, J., Kiely, C., Bethell, D.,

Schiffrin, D. J., Self-organization of

nanosized gold particles. Chem. Mater.
1998, 10, 922–926.

67 Perez, M., Pradeau, J. P., Albouy,

P. A., Perez-Omil, J., Synthesis and

characterization of functionalized

platinum nanoparticles. Chem. Mater.
1999, 11, 3460–3463.

68 Subramanian, V., Wolf, E., Kamat,

P. V., Semiconductor-metal composite

nanostructures. To what extent do

metal nanoparticles improve the photo-

catalytic activity of TiO2 films. J. Phys.
Chem. B 2001, 105, 11439–11446.

69 Niidome, Y., Hori, A., Sato, T.,

Yamada, S., Enormous size growth of

thiol-passivated gold nanoparticles

induced by near-IR laser light. Chem.
Lett. 2000, 310–311.

70 Bagwe, R. P., Mishra, B. K., Khilar,

K. C., Effect of chain length of

oxyethylene group on particle size and

absorption spectra of silver nanopar-

ticles prepared in non-ionic water-in-

oil microemulsions. J. Disp. Sci. Technol.
1999, 20(6), 1569–1579.

71 Bagwe, R. P., Khilar, K. C., Effects of

intermicellar exchange rate on the

formation of silver nanoparticles in

reverse microemulsions of AOT.

Langmuir 1997, 13(24), 6432–6438.
72 Shah, D. O., Bagwe, R. P., Parmar,

B. S., The effects of interfacial

viscosity on the kinetics of formation

of silver nanparticles using water-in-oil

microemulsions as nanoreactors.

Mater. Res. Soc. Symp. Proc. 2002, 704,
W10.1.1–W10.1.8.

32 1 Biofunctionalization of Fluorescent Nanoparticles



73 Schlupen, J., Haegel, F. H.,

Kuhlmann, J., Geisler, H.,

Schwuger, M. J., Synthesis of nano-

sized gold-silica core-shell particles.

Colloid Surf. A 1999, 156, 335–347.
74 Elghanian, R., Storhoff, J. J.,

Mucic, R. C., Letsinger, R. L.,

Mirkin, C. A., Selective colorimetric

detection of polynucleotides based on

the distance-dependent optical

properties of gold nanoparticles.

Science 1997, 277, 1078–1080.
75 Hainfeld, J. F., Furuya, F. R., A 1.4

nm gold cluster covalently attached to

antibodies improves immunolabeling.

J. Histochem. Cytochem. 1992, 40, 177–
184.

76 Matthews, D. C., Grondahl, L.,

Battersby, B. J., Trau, M., Multi-

fluorescent silica colloids for encoding

large combinatorial libraries. Aust. J.
Chem. 2001, 54(9 & 10), 649–656.

77 Lawrie, G. A., Battersby, B. J., Trau,

M., Synthesis of optically complex

core-shell colloidal suspensions:

Pathways to multiplexed biological

screening. Adv. Funct. Mater. 2003,
13(11), 887–896.

78 Goldman, E. R., Clapp, A. R.,

Anderson, G. P., Uyeda, H. T.,

Mauro, J. M., Mednitz, I. L.,

Matoussi, H., Multiplexed toxin

analysis using four colors of quantum

dot fluororeagents. Anal. Chem. 2004,
76, 684–688.

79 Rosenthal, S. J., Bar-coding

biomolecules with fluorescent

nanocrystals., Nat. Biotechnol. 2001,
19(7), 621–622.

80 Han, M., Gao, X., Su, J. Z., Nie, S.,

Quantum-dot-tagged microbeads for

multiplexed optical coding of

biomolecules. Nat. Biotechnol. 2001,
19(7), 631–635.

81 Xu, H., Sha, M. Y., Wong, E. Y.,

Upho, J., Xu, Y., Treadway, J. A.,

Truong, A., O’Brien, E., Asquith,

S., Stubbins, M., Spurr, N. K., Lai,

E. H., Mahoney, W., Multiplexed SNP

genotyping using the Qbead system: a

quantum dot-encoded microsphere-

based assay. Nucleic Acids Res. 2003,
31, e43/1–e43/10.

82 Fulton, R. J., McDade, R. L., Smith,

P. L., Kienker, L. J., Kettman Jr.,

L. R., Advanced multiplexed analysis

with the FlowMetrixTM system. Clin.
Chem. 1997, 43, 1749–1756.

83 Veronese, F. M., Morpurgo, M.,

Bioconjugation in pharmaceutical

chemistry. Farmaco 1999, 54(8), 497–
516.

84 Mitchell, G. P., Mirkin, C. A.,

Letsinger, R. L., Programmed

assembly of DNA functionalized

quantum dots. J. Am. Chem. Soc. 1999,
121(35), 8122–8123.

85 Zhang, C. Y., Ma, H., Nie, S. M.,

Ding, Y., Jin, L., Chen, D. Y.,

Quantum dot-labeled trichosanthin.

Analyst 2000, 125, 1029–1031.
86 Willard, D. M., Carillo, L. L., Jung,

J., Orden, A. V., CdSe-ZnS quantum

dots as resonance energy transfer

donors in a model protein-protein

binding assay. Nano Lett. 2001, 1(9),
469–474.

87 Parak, W. J., Gerion, D.,

Pellegrino, T., Zanchet, D.,

Micheel, C., Williams, S. C.,

Boudreau, R., Le Gros, M. A.,

Larabell, C. A., Alivisatos, A. P.,

Biological applications of colloidal

nanocrystals. Nanotechnology 2003, 14,
R15–R27.

88 Goldman, E. R., Balighaian, E. D.,

Mattoussi, H., Kuno, M. K., Mauro,

J. M., Tran, P. T., Anderson, G. P.,

Avidin: A natural bridge for quantum

dot-antibody conjugates. J. Am. Chem.
Soc. 2002, 124, 6378–6382.

89 Baeumle, M., Stamou, D., Segura,

J. M., Hovius, R., Vogel, H., Vitro

sliding of actin filaments labelled with

single quantum dots. Langmuir 2004,
314(2), 529–534.

90 Torchilin, V. P., Khaw, B. A.,

Smirnov, V. N., Haber, E., Preserva-

tion of antimyosin antibody activity

after covalent coupling to liposomes.

Biochem. Biophys. Res. Commun. 1979,
85, 1114–1119.

91 Magnani, P., Paganelli, G.,

Modorati, G., Zito, F., Songini, C.,

Sudati, F., Koch, P., Maecke, H. R.,

Brancato, R., Siccardi, A. G., Fazio,

F., Quantitative comparison of direct

antibody labeling and tumor

References 33



pretargeting in uveal melanoma. J.
Nucleic Med. 1996, 37, 967–971.

92 Nobs, L., Buchegger, F., Gurny, R.,
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Biofunctionalization of Carbon Nanotubes

Elena Bekyarova, Robert C. Haddon, and Vladimir Parpura

2.1

Introduction

The decade long history of carbon nanotubes (CNTs) has been largely devoted to

investigation of their growth mechanism and physical and chemical properties.

This has led to sustained progress in the synthesis of materials of higher purity,

to chemically functionalized CNTs with specifically tailored properties, and to the

development of technologies for the processing and assembly of CNTs into func-

tional structures and devices. Recent research on the chemical interactions be-

tween biological molecules and CNTs has led to the assembly of functional hybrid

(CNT-biomolecule) structures for nanoelectronics, scaffolds for cell and tissue

growth, and high-performance biosensors. While much remains to be accom-

plished, this fascinating nanomaterial clearly offers great potential for the develop-

ment of revolutionary hybrid structures and devices, and work in this field has pro-

pelled CNTs to a point that their entry into the realm of nanobiotechnology and

nanomedicine is now a reality [1].

In this chapter, we overview the currently available methods for biofunctionaliza-

tion of CNTs and some of their applications in biology and nanotechnology. We

briefly discuss the structure, properties, and most common methods for synthesis

of CNTs, focusing on current progress in patterned growth and purification of

CNTs. We summarize the achievements in chemical modification of CNTs that

are related to the solubilization of CNTs in water, since the dispersion and stabili-

zation of CNTs in aqueous media is a key step in developing biological applica-

tions. We present various schemes for noncovalent and covalent modifications of

CNTs with biological molecules. Additionally, we review the applicability of the

modified CNTs in the assembly of electronic devices, for biosensing, and as scaf-

folds or substrates for neuronal growth.
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2.2

Carbon Nanotubes – Types, Structures and Properties

CNTs can be classified according to the number of concentric graphene cylinders

that constitute their structure (Fig. 2.1). Multi-walled CNTs (MWNTs) consist of

several concentric graphene cylinders with their ends individually capped with

hemispheres of fullerene molecules. Typically, their outer diameter ranges from 2

to 100 nm, while their inner diameter is about 1–3 nm. The MWNTs are from 1 to

several hundred mm long. Double-walled CNTs (DWNTs) are composed of two con-

centric graphene cylinders, and represent an intermediate structure between

MWNTs and single-walled CNTs (SWNTs), the later consisting of a single gra-

phene cylinder. Although the smallest SWNTs reported have a diameter of 0.4 nm

[2, 3], which corresponds to a hemispherical fragment of the C20 dodecahedron,

SWNTs are usually produced with a random distribution of diameters (0.7–2 nm)

and exist in hexagonally close-packed bundles held together by van der Walls

forces.

Based on their hexagonal lattice structure, SWNTs are classified as armchair,

zigzag and chiral (Fig. 2.2). The wrapping angle of the graphene sheet determines

the electronic properties of SWNTs [4–6]. All armchair nanotubes are conductive

(metallic), while the zigzag and chiral nanotubes can be either metallic or semicon-

ducting. Most currently available synthetic methods produce SWNTs with a ran-

dom distribution of metallic and semiconducting nanotubes in a ratio of 1:2. Be-

cause CNTs are either metallic or semiconducting, they provide the necessary

building blocks for molecular electronics. In addition, they are ballistic conductors

with high effective mobility and can sustain very high current densities. A rope of

SWNTs has a room temperature conductivity in the range 10 000–30 000 S cm�1

[7]. These properties provide a unique opportunity to develop miniature advanced

Fig. 2.1. Transmission electron microscopy

images of (a) multi-walled carbon nanotubes,

(b) single-walled carbon nanotubes, (c)

double-walled carbon nanotubes, and (d) a

bundle of single-walled carbon nanotubes.

(TEM micrographs in (b)–(d) [112] are

reproduced by permission of the American

Chemical Society Publications.)
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sensors [8] for rapid, label-free electronic detection of different biological materials

(Section 2.5.2). With a Young’s modulus of@1 TPa [9, 10], CNTs also have excep-

tional mechanical strength – a useful feature for tissue scaffolds and engineering.

2.3

Synthesis of Carbon Nanotubes

The most widely used techniques for synthesis of CNTs are electric arc discharge,

laser ablation, chemical vapor deposition (CVD) and high-pressure carbon monox-

ide disproportionation (HiPco) [11]. The first two methods involve the vaporization

of carbon in an inert atmosphere, whereas CVD and HiPco are based on catalytic

decomposition of hydrocarbons. The synthesis of CNTs has advanced to the point

that patterns of aligned MWNTs or SWNTs can be engineered. Such patterned

growth is of interest in tissue engineering [12]. CNT-based scaffolds have some ad-

vantages over bio-degradable synthetic polymers currently used in tissue engineer-

ing as they posses the structural integrity and high mechanical stability to support

developing tissue and to withstand in vivo forces [12].

SWNTs can be aligned by applying an electric field during CVD growth of the

nanotubes [13–15], and vertically aligned arrays of MWNTs (Fig. 2.3) are routinely

produced in standard CVD experiments [16–19]. Network architectures have been

produced by the reassembly of dense CNT arrays using the capillary forces induced

Fig. 2.2. (a) Two-dimensional graphene sheet.

A carbon nanotube is formed by rolling up the

graphene sheet and superimposing the two

ends OA of the chiral vector (Ch). The chiral

vector is defined as Ch ¼ na1 þma2, where a1
and a2 are unit vectors in the two-dimensional

hexagonal lattice, and n and m are integers.

The pair of integers (n;m) and the chiral angle

(y – the angle between Ch and a1) define the

nanotube type: armchair (n ¼ m, y ¼ 30�),
zigzag (n or m ¼ 0, y ¼ 0�) and chiral (y

between 0 and 30�). The diagram is

constructed for a (5; 2) carbon nanotube. T is

the basic translation vector for the tubule and

the unit cell of this tubule is defined by OABB 0.
(b) Schematic models for the three types of

SWNTs. (Courtesy of Riichiro Saito, Tohoku

University, Japan.)
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by the evaporation of liquids from the CNT films or mats (Fig. 2.3) [12, 19]. In this

process, the nanotubes collapse to cellular structures due to the induced surface

tension; the resulting periodic architectures might find applications as scaffolds

for tissue engineering. Indeed, similar structures composed of MWNTs (Fig. 2.4)

have been used to support the cellular adhesion and growth of mouse fibroblasts

[12].

While patterned films and mats that are attractive for cell growth, biosensors,

and bioelectronics all require relatively small amounts of material, applications

may be envisaged in which bulk quantities of CNTs are necessary. Although bulk

production is a necessary step, the purity of the CNT material is an essential pre-

requisite for further progress. MWNTs of high purity can be readily synthesized.

However, SWNTs typically contain a substantial fraction of carbonaceous impur-

ities together with the metal that is used as a catalyst in the synthesis. Quality con-

trol in SWNT manufacturing is a major issue, and the absence of widely accepted

and established methods for quality assessment has raised questions regarding the

purity of commercially available CNTmaterials [20]. Certainly, high purity material

is required if SWNTs are to play an important role in biotechnology. Although

quality control is virtually nonexistent in the CNT industry, analytical tools for reli-

able evaluation of the quality of SWNTmaterials exist, and efforts to establish stan-

dards in the field may help to reform current CNT industrial practices. Solution

phase near-infrared (NIR) spectroscopy [21–24], Raman spectroscopy [25, 26], ther-

mogravimetric analysis [25, 27], and combinations of these analytical methods [28]

have been used to evaluate SWNT purity. At this point, NIR spectroscopy has been

established as the simplest, fastest, most efficient and unambiguous technique for

the quantitative assessment of the carbonaceous purity of SWNTs [29], while ther-

mogravimetric analysis can reliably estimate the metal content based on the resi-

due remaining after pyrolysis of the carbon content of the sample.

The quality of CNTs can be improved by progress in the synthesis or purification

techniques, and significant achievements in both areas have been reported. Re-

cently, very high purity, metal-free SWNTs (carbonaceous purity of 99.98%) have

been synthesized [30]. The purification processes are based on a combination of

several steps, which usually include gas or vapor-phase oxidation, wet chemical

oxidation, centrifugation, filtration or chromatography (see Refs. [31–35] and refer-

ences therein).

Fig. 2.3. (a) Patterned MWNTs grown by CVD.

(b)–(g) Patterned carbon nanotube films. (b)

Wine glass-like structures obtained by the

evaporation of liquids from cylindrical MWNT

arrays. (c)–(f ) Cellular structures of aligned

MWNTs formed after immersion of the

nanotube sample in acetone and drying under

ambient conditions. (g) Carbon nanotube

structure of a patterned MWNT array. The

consolidation of the rims during the drying of

the patterned CNT array affords a structure

with mainly square and octagonal cells. The

inset represents schematics of this process.

Arrows indicate the direction of the CNT

collapse due to surface tension [19].

(Reproduced by permission of the National

Academy of Sciences U.S.A.)

H————————————————————————————————————————
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Fig. 2.4. SEM micrographs of MWNT

structures used as scaffold for fibroblast

growth. Left-hand column, low magnifications;

right-hand column, high magnifications. (a)

Perpendicularly aligned CNTs. (b) Pyramid-like

structures. (c) Network of crosslinked CNT

walls forming cavities [12]. (Reproduced by

permission of the American Chemical Society.)
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2.4

Approaches to Aqueous Solubilization of Carbon Nanotubes

2.4.1

Chemical Modifications

As-prepared SWNTs self-assemble in hexagonally packed bundles, in which the

nanotubes are held together by van der Walls forces. The strength of these attrac-

tive forces makes the exfoliation of individual CNTs from the bundle and their sta-

bilization in solution difficult. An additional complication arises from the chemical

inertness of the CNTs due to the absence of functional groups in their graphitic

structure, making their dissolution in a solvent a complex issue. Consequently,

chemical functionalization has been used as a valuable route to the solubilization

and exfoliation of individual CNTs from the bundles.

One of the most widely used chemical approaches to introduce functionalities

onto CNTs involves treatment with strong oxidizing agents such as nitric and sul-

furic acids. These strong acids preferentially disrupt the aromatic ring structure at

the caps of CNTs and lead to the introduction of carboxylic acid groups at the open

ends [21, 31, 34, 36, 37]; this functionality can undergo further reactions to pro-

duce a large family of tailored materials. Numerous amidation and esterification

reactions of oxidized SWNTs have been reported [36, 38]. Typically, carboxylic acid

functionalized SWNTs (SWNT-COOH) are treated with thionyl chloride (SOCl2) to

form the acyl chloride intermediate (SWNT-COCl) [31], which is then reacted with

an amino derivative. This approach has been used to covalently attach octadecyl-

amine to the open ends of the SWNTs, affording SWNT-CONH(CH2)17CH3, a

form of the carbon nanotubes that proved to be soluble in various organic solvents

(Fig. 2.5) [21]. This approach has proved to be applicable to various functionalities.

However, the solubilization of CNTs in aqueous solutions – a prerequisite for use

in many biological applications – is a more challenging task because of the hydro-

phobic nature of CNTs. Although stable aqueous solutions of SWNTs have been

obtained by ultrasonication in a mixture of sulfuric acid and hydrogen peroxide

[39], the more common methods of dispersing CNTs in aqueous solutions involve:

(a) coating CNTs with surfactants, (b) functionalization of CNTs with water-soluble

polymers, and (c) interaction of CNTs with biological molecules. These methods

are detailed below.

2.4.2

Use of Water-compatible Surfactants

Surfactant-induced dispersion of CNTs depends on the presence of hydrophilic and

hydrophobic regions in the surfactant molecule. Adsorption of the surfactant on

the side walls of the nanotubes occurs through the hydrophobic tail of the surfac-

tant molecule, which can adopt a wide range of orientations with respect to the

tube, leaving the hydrophilic moiety oriented towards the aqueous phase. This

can induce stable dispersions of surfactant-coated SWNTs in water. SWNTs were

2.4 Approaches to Aqueous Solubilization of Carbon Nanotubes 47



successfully dispersed in water with various surfactants [40–42]. This surfactant

detached tubes from the bundles during vigorous sonication and stabilized individ-

ual SWNTs in solution [41]. Since the individual nanotube encased in a close-

packed SDS micelle had a lower specific gravity than SDS-coated bundles, centrifu-

gation led to their separation. This made it possible to use spectroscopy to study

individual SWNTs, which displayed a bright photoluminescence in the NIR [41].

Since then, surfactant-assisted dispersion of nanotubes has been widely used by

several research groups for fundamental studies of the electronic properties of in-

dividual SWNTs, as these properties give rise to distinctive features in the optical

spectra [43–47].

Various anionic, nonionic, and cationic surfactants have been studied for their

ability to disperse SWNTs in water [46]. Typically, a solution of a specific surfactant

concentration is mixed with the nanotubes using high shear homogenization, fol-

lowed by ultrasonication, and ultracentrifugation.

Among ionic surfactants, sodium dodecylbenzene sulfonate (SDBS) and SDS are

the most efficient dispersing agents. For nonionic systems, surfactants with higher

molecular weight suspend higher amounts of SWNTmaterial [46].

2.4.3

Functionalization with Water-soluble Polymers

The covalent attachment of water-soluble polymers is an efficient approach to the

dispersion of CNTs in water. By applying the functionalization scheme of Fig. 2.5,

poly-m-aminobenzene sulfonic acid (PABS) [48, 49] and polyethylene glycol (PEG)

[49] have been covalently linked to SWNTs to form water-soluble nanotube-graft

copolymers (Fig. 2.6) [48, 49]. Several other types of functionalized SWNTs bearing

water-soluble moieties have been synthesized (Scheme 2.1), including the attach-

ment of water-soluble linear polymers, such as monoamine-terminated polyethyl-

ene oxide (PEO) [50], diamine terminated polyethylene glycol (PEG1500N) [51],

Fig. 2.5. (a) A solution of SWNTs chemically functionalized

with octadecylamine [21] by the general functionalization

scheme illustrated in (b).
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poly(propionylethylenimine-co-ethylenimine) (PPEI-EI) [51], poly(vinyl alcohol)

(PVA) [51], and glucosamine (GA) [52] to CNTs. Since these functionalized nano-

tubes have high solubility in water (8–89 mg mL�1) [51], this is clearly an efficient

route for the aqueous dissolution of carbon nanotubes.

2.4.4

Interaction and Functionalization with Biological Molecules

Interactions of CNTs with biological molecules, such as lipids, DNA and proteins,

efficiently disperse the CNTs in water. Noncovalent modification is the preferred

method if the electronic characteristics of the nanotubes need to be preserved. Co-

Fig. 2.6. SEM images of (a) SWNT-PABS and (b) SWNT-PEG [49].
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valent chemistry, which takes place via modifications of the CNT side walls, dis-

turbs the extended p-network, leading to a localization of electrons at the defect

sites that are generated at the point of attachment. However, covalent chemistry

at the ends of the SWNTs retains the SWNT electronic properties and provides a

robust linkage to the biological molecule, although with some variability in the

endogenous properties and functions of these molecules.

2.4.4.1 Noncovalent Biofunctionalization

Various lipids and proteins, including enzymes, peptides and nucleic acids, adsorb

strongly to CNTs [53–59]. These interactions between CNTs and biological mole-

cules provide a more efficient means to solubilize the nanotubes in water than the

use of surfactants and polymers. In a similar manner to surfactants, amphiphilic

biological molecules, which possess hydrophobic and hydrophilic moieties, solubi-

lize CNTs in aqueous media. For example, MWNTs form stable dispersions in

water upon interaction with specific lipid derivatives composed of a lipidic chain

of 12 and 18 carbon atoms and a polar head group [56]. Single-chain lipidic re-

agents self-organize on the nanotube walls, forming supramolecular assemblies.

Similar highly ordered heterogeneous structures have been found upon adsorption

of other biological molecules. For example, HupR, a DNA binding protein from

the nitrogen-regulatory protein subfamily, and streptavidin interacted strongly

with MWNT to form highly ordered helical structures, but the exact solubility in

water was not reported [53]. However, an efficient protocol for dispersion of CNTs

Scheme 2.1. Structures of SWNTs functionalized with

polymers: PABS – poly(m-aminobenzene sulfonic acid), PEG –

poly(ethylene glycol), GA – glucosamine, PPEI-EI –

poly(propionylethylenimine-co-ethylenimine), PEO –

poly(ethylene oxide) and PVA – poly(vinyl alcohol).
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in water using a specifically designed amphiphilic a-helical peptide, which func-

tioned by wrapping individual CNTs, has been reported and this led to a stable dis-

persion of CNTs at a concentration of 0.7 mg mL�1 [60].

Single-stranded DNA (ssDNA) interacts strongly with CNTs to form stable CNT-

DNA hybrids, which efficiently disperse CNTs in aqueous solution [57, 61]. A con-

centration of CNTs of 0.2–0.4 mg mL�1 was readily achieved upon dispersion with

DNA, and it was possible to further concentrate the CNTs solution to 4 mg mL�1

[61]. It has been suggested that this highly efficient mechanism for dispersion of

individual SWNTs in solution involves p-stacking interactions between the nano-

tube walls and the DNA bases, resulting in helical wrapping of the nanotubes. In

addition, the hydrophilic interactions between the sugar-phosphate groups in the

backbone of DNA and surrounding water molecules render the hybrid structure

soluble in water. The phosphate groups on the SWNT-DNA hybrid provide a nega-

tive charge density on the surface of the CNT, enabling the debundling and disper-

sion of individual SWNTs [57, 61, 62]. The wrapping of the nanotubes with ssDNA

was found to be sequence dependent, and the interaction between certain DNA se-

quences and individual SWNTs allowed ion-exchange chromatography separation

based on the electronic characteristics of SWNTs. The separation procedure takes

advantage of the different electrostatic charges on the hybrid macromolecules,

which are composed of metallic and semiconducting SWNTs [57, 61]. Since the

separation of metallic and semiconducting SWNTs is the most important obstacle

to the application of carbon nanotubes in nanoelectronics, this DNA-assisted sepa-

ration demonstrates the power of hybrid CNT-biological molecules for solving

problems in nanotechnology.

A combination of surfactants and polymers has also been used for noncovalent

attachment of proteins to CNTs, in which the successive adsorption of surfactants

(Triton X-100 or Triton X-405) and biotin-functionalized polymer (PEG) provides an

interface for binding with streptavidin [63].

Biomolecules can be attached to noncovalently functionalized CNTs. In this

approach 1-pyrenebutanoic acid succinimidyl ester (1-PBA) is irreversibly adsorbed

on the hydrophobic graphene surface of the CNTs via p-stacking interactions [64].

The protein is then covalently attached to the succinimidyl functionality of 1-PBA

through a nucleophilic substitution reaction by an amine group of the protein (Fig.

2.7). This approach for immobilization of proteins onto CNTs has been utilized in

development of biosensors based on glucose oxidase-functionalized SWNTs (Sec-

tion 2.5.2) [55].

An important question that arises is whether the immobilized biological mole-

cules retain their biological activity. Studies regarding this issue are limited. In

one study on the structure and functions of proteins adsorbed on SWNTs, it was

shown that the proteins undergo conformational changes upon interaction with

the carbon walls [59]. The authors used enzymes as highly sensitive probes of the

protein functions and found that, depending on the nature of the protein, SWNTs

can differentially affect the biological activity of the adsorbed proteins; soybean

peroxidase retained 30% of its native activity, while a-chymotrypsin retained only

1% of its native activity, and was denatured when attached to SWNTs [59].
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2.4.4.2 Covalent Biofunctionalization

Carbodiimide chemistry can be readily applied to covalently link CNTs to various

biological molecules. Carbodiimide activates the carboxylic acid groups, which are

easily introduced into the CNTs by the oxidative treatments discussed earlier, and

it facilitates their reaction with the amino groups present in the biological mole-

cules. Carbodiimide coupling agents commonly utilized for these reactions are the

water-soluble derivatives 1-ethyl-3-(3-dimethylaminopropyl)-t-carbodiimide (EDC)

(Scheme 2.2, paths a, b) and N,N 0-dicyclohexylcarbodiimide (DCC) (Scheme 2.2,

path c), which are often used with dimethylformamide (DMF) as a solvent. N-
Hydroxysuccinimine (NHS), which reacts with the carboxylic groups to form an

active intermediate ester, is often used to assist amide bond formation in the pres-

ence of EDC (Scheme 2.2, path b). These general reactions have been utilized to

functionalize CNTs with proteins [65] and amine-terminated DNA [66, 67].

Alternatively, CNTs can be chemically modified by introducing amine moieties

[68], which can be further reacted with the biological molecules (Scheme 2.3). In

the first step, the carboxylic acid groups of the SWNTs, introduced by oxidation

with nitric acid, are reacted with thionyl chloride to form an acyl chloride interme-

diate, which is then crosslinked with ethylenediamine to produce amine-terminated

SWNTs (SWNT-NH2). These SWNT-NH2 have been used for covalent attachment

of DNA [68]. This was achieved by introducing maleimide groups to SWNT-NH2

Fig. 2.7. 1-Pyrenebutanoic acid succinimidyl ester (1-PBA),

adsorbed on the side-wall of a SWNT via p-stacking, has been

used to immobilize protein due to interactions with the

protein’s amino groups. (Modified from Ref. [64].)
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by crosslinking with succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxy-

late (SMCC) and further reacted with thiol-terminated DNA [68]. The resulting

DNA-CNT hybridized selectively with complementary DNA sequences, while

showing little interaction with non-complementary DNA sequences, indicating

that the procedure preserves DNA specificity.

In addition to the chemistry that occurs at the oxidized open ends of CNTs, the

side walls undergo 1,3-cycloaddition reactions (Scheme 2.4) [69, 70], and both

SWNTs and MWNTs have been covalently linked to N-protected amino acids by

this technique, which can be used to prepare water-soluble CNTs [70]. In such

functionalization schemes the amino acid is condensed with paraformaldehyde in

Scheme 2.2. Schematic illustration of carbodiimide procedures

for covalent functionalization of SWNTs with biological

molecules. (Modified from Ref. [1].)

Scheme 2.3. Schematic of the maleimide procedure for

covalent functionalization of SWNTs with biological molecules.
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the presence of CNTs dispersed in DMF (Scheme 2.4; 1); the protecting group, N-

tetrabutoxycarbonyl (Boc), in the derivative (Scheme 2.4; 2) is cleaved by reaction

with HCl. The resulting amino acid functionalized CNTs (Scheme 2.4; 3) have a

remarkable solubility in water (20 mg mL�1). Additionally, amino acid function-

alized CNTs can be reacted easily with N-terminal protected amino acid (Fmoc-

Gly-OH) via a coupling reaction activated with N-hydroxybenzotriazole (HOBt) and

diisopropylcarbodiimide (DIC) (Scheme 2.4; 4).

2.5

Applications of Biofunctionalized Carbon Nanotubes

2.5.1

Assembly of Electronic Devices

Biofunctionalization of CNTs can potentially facilitate the use of these materials in

functional structures and for the bottom-up design of nanodevices if it is possible

to make use of the powerful self-assembly properties of natural substances. Be-

cause CNTs are promising building blocks for molecular electronics, the nanofab-

rication of electronic devices utilizing CNTs based on the self-assembly principles

of biology has been attempted. For example, the bottom-up fabrication of field-

effect transistors (FETs) based on individual SWNTs has been attempted by using

DNA-mediated self-assembly and homologous genetic recombination [71]. A long

Scheme 2.4. Covalent functionalization of

carbon nanotubes with amino acids. Boc –

butoxycarbonyl protecting group, DMF –

dimethylformamide, DCM –dichloromethane,

DIEA – diisopropylethylamine, DIC –

diisopropylcarbodiimide, HOBt – N-hydroxy-

benzotriazole, Fmoc – 9-fluorenylmethoxy-

carbonyl, Gly – glycolic acid [70]. (Reproduced

by permission of the Royal Society of

Chemistry.)
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DNA molecule was used as a scaffold onto which streptavidin-functionalized

SWNTs were assembled, utilizing primary antibodies against RecA, a protein

from Escherichia coli, and biotinylated secondary antibodies. This allowed a con-

trolled localization of a semiconducting SWNT at a desired address on the DNA

scaffold molecule. Electrical contact to the nanotubes may be obtained by metalli-

zation of the scaffold DNA molecule. Because the nanotubes are usually a mixture

of metallic and semiconducting constituents, the fabrication of devices with repro-

ducible characteristics represents a challenge, although the emerging methods for

separating CNTs based on their electronic properties will assist this endeavor [57,

61]. However, the approach involves a complex multi-step process, and thus would

lead to a low production yield of devices.

A suggested alternative approach for fabrication of an FET, with a reduced num-

ber of reaction steps, could enable the production of devices in high yield. This

approach utilized the hybridization between short complementary DNA sequences

located on metal contacts and SWNTs (Fig. 2.8) [72]. The thiol-terminated oligonu-

cleotides were deposited on gold contacts, and the devices were immersed in a

solution of SWNTs functionalized with complementary oligonucleotides. This al-

lowed the hybridization of the complementary oligonucleotides, with one strand

on the electrodes and the other attached to the SWNTs; the success of this opera-

tion led to the placement of individual SWNTs or small bundles between the elec-

trodes, with efficient electrical contacts to the SWNTs at both electrodes in about

12% of the devices [72]. Those devices that exhibited efficient electrical contacts

had stable electrical characteristics over hundreds of measurements. Indeed, this

technique was also implemented to assemble SWNT-FET devices [73]. Although

both approaches described above are far from a general technology, they highlight

the potential use of biofunctionalized CNTs and self-assembly approach for

bottom-up construction of CNT-based electronics.

Fig. 2.8. DNA-templated deposition of SWNT

between gold electrodes. (a) DNA-bearing gold

electrodes immersed in a solution of

oligonucleotide-functionalized SWNT. (b)

Bridging the two electrodes with a SWNT by

hybridization between the complementary

strands [72]. (Reproduced by permission of

Elsevier.)
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Controlled assembly of multifunctional SWNT structures is of interest for devel-

opment of devices for biosensing. The functionalization of CNTs with biological

molecules facilitates the formation of such functional structures and it also in-

creases their versatility. Nanoparticle–CNT structures have been prepared using

a DNA-directed self-assembly [74, 75]. In one approach DNA-graft gold nano-

particles have been attached to SWNTs grafted with complementary DNA chains,

using the carboxylic group of the SWNT-COOH and amine-terminated DNA [75].

This approach has been used to assemble CNTs into various multicomponent

structures, containing interconnected MWNTs and SWNTs, (Scheme 2.5) [75],

and multifunctional structures could be obtained by varying the base sequence

and the number of complementary DNA chains grafted to the gold nanoparticle.

Besides the assembly of functionalized CNTs (above), it is possible to function-

alize pre-formed films of CNTs and prepare CNT film-based devices. Such prepara-

tions are readily achieved by spraying [8] or filtration [76, 77]. Additionally, the

versatile chemistry at the open ends of the CNTs forming the film [36, 37] affords

the opportunity to interconnect the nanotubes and to form patterned multi-layered

SWNT films [78, 79]. Thus, carboxylic acid terminated CNTs have been intercon-

nected using 4,4 0-oxydianiline as a linker molecule [78]. The functionalized CNTs

can be stacked on aminated glass substrates, which allows a diverse patterning of

the CNT films and the introduction of various functional groups for further conju-

gation with biological molecules [78]. For example, DNA oligonucleotides have

been attached, using carbodiimide chemistry (Scheme 2.2), to pre-patterned CNT

multilayer films to give interfaces that exhibit a high sensitivity in subsequent hy-

bridization (Scheme 2.6) [78]. Although their performance is inferior to individual

Scheme 2.5. Schematic of procedures for DNA directed self-

assembling of multiple carbon nanotubes and gold

nanoparticles [75]. (Reproduced by permission of the American

Chemical Society Publications.)
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CNT devices, film-based devices made of CNTs provide convenient manufacture

and have led to a powerful sensor platform [8]. Since this approach can lead to pat-

terning at a specific location on a substrate, it could advance the development of

sensors requiring site specificity.

SWNTs functionalized with poly-l-lysine (PLL) have been reported to assemble

in functional structures, which have been used as a platform for electrodes with

enhanced biosensing properties [80]. Assembly was achieved by reacting carboxylic

acid bearing SWNTs with some of the amino groups of PLL (Scheme 2.7). The

unreacted amino groups were available for subsequent attachment of the SWNT-

PLL graft copolymer to the carboxylic acid bearing gold electrodes and also for con-

jugation to horseradish peroxidase. Attachment of this enzyme led to the construc-

tion of electrodes for amplified sensing of hydrogen peroxide [80]. Indeed, various

enzymes could be attached using this method to the PLL-functionalized CNTs for

the development of sensor devices. Because PLL is a permissive substrate for cellu-

lar adhesion and growth, this methodology could be exploited for development of

composite substrates that would serve a dual role; they would support cellular

growth and also serve as sensors.

2.5.2

Biosensing

Among the potential usage of CNTs in biology and medicine, the development of

advanced biosensor devices has emerged as the most promising short-term appli-

cation. CNTs offer a unique combination of quasi-1D structure and excellent elec-

tronic properties, which can dramatically improve the miniaturization prospects

for electronic biosensor devices. Additionally, CNTs offer new opportunities for

rapid, sensitive and label-free detection of biological agents, with the selectivity of

detection provided by biofunctionalization of the CNTs. Furthermore, the nano-

tubes can clearly serve both as the transducer and as the platform where the bio-

recognition event occurs. Taken together, these prospects make CNTs one of the

most promising materials for advanced biosensors.

Several groups have already demonstrated the use of SWNTs in biosensors [55,

81–92]. Research on CNT-based biosensors is currently focused on exploiting two

major fundamental approaches: the development of CNT electrodes for the electro-

chemical detection of biological agents and fabrication of transistor devices for

electronic detection of binding events.

Electronic detection of biological species is very attractive because it offers a fast

and direct, label-free detection, while sampling data in real time. Additionally, it

does not require preparation steps and multiple reagents, making the use of these

sensors quite simple. Electronic detection is possible because a semiconducting

SWNT exhibits a significant conductance change in response to interaction with

gas molecules, which can change the electron density on the nanotube [93, 94].

Similar electronic changes in the behavior of SWNTs have been found upon inter-

action with small biological molecules and proteins [55, 89, 95, 96]. The in situ
electronic detection of proteins using CNTs has proved to be very sensitive. Adsorp-
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Scheme 2.7. Illustration of the assembling of

SWNTs, poly-l-lysine (PLL), and horseradish

peroxidase and the fabrication of chemically

modified electrodes (CME) [80]. DCC – N,N 0-

dicyclohexylcarbodiimide, EDC – 1-ethyl-3-

(3-dimethylaminopropyl)-t-carbodiimide.

(Reproduced with permission from the

American Chemical Society Publications.)
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tion of cytochrome c, a redox catalyst in the respiratory chain of mitochondria, on

an individual SWNT in a transistor configuration induced a sufficient decrease in

the conductance of the device to allow the detection of a few tens of molecules [96].

An FET composed of an individual pristine SWNT (Fig. 2.9) has been shown to

change its resistance upon exposure to proteins [89]. For example, adsorption of

streptavidin on the SWNT shifted the transconductance towards negative gate

voltages with little change in the current. Taking into account that the nanotubes

before the adsorption exhibited p-type electronic behavior, presumably due to dop-

ing from environmental oxygen [94], these changes indicate an electron transfer

from the streptavidin molecule to the nanotube. This hybrid, streptavidin-SWNT

has been shown to be sensitive to the presence of biotin, which specifically binds

to streptavidin, resulting in a decrease of the current. Because the interaction be-

tween streptavidin and SWNTs is non-specific it is necessary to impart selectivity

to the device and to prevent non-specific interactions; this can be accomplished by

coating the SWNTs with hydrophilic polymers, PEG and polyethyleneimine (PEI),

containing biotin. The polymer coated/biotin functionalized SWNTs devices are

very sensitive in the detection of streptavidin – down to as few as 10 protein mole-

cules [89].

Although the mechanism of chemical sensing exhibited by SWNTs has not been

unambiguously identified, as discussed above it seems probable that the resistance

change in the devices originates from doping of the CNTs as a result of charge-

transfer processes that are associated with interactions between the SWNTs and

the analyte [8]. In some cases the conductance change originates from electronic

effects occurring at the metal–nanotube contacts during adsorption [97].

In addition to direct sensing with SWNTs, biologically functionalized SWNTs

also show promise as sensors. For example, glucose oxidase (GO) has been cova-

lently attached to a semiconducting SWNT and used as the conducting channel in

an FET [55]; the attached GO retained its enzymatic activity and imparted sensitiv-

Fig. 2.9. Schematic of a nanotube field-effect transistor (FET).

The nanotube (SWNT) is functionalized with biotin using a

polymeric functional layer, which coats the nanotubes.

(Modified from Ref. [89]; by permission of the American

Chemical Society Publications.)
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ity to the nanotubes towards glucose. Importantly, the increase in conductance

measured with such devices in the presence of glucose was rapid, which has impli-

cations for real time studies of enzymatic activity at molecular level. The GO-coated

SWNT devices were very sensitive to pH, whereas the conductance of pristine

SWNT was pH independent in the range 4–5.5; after modification of the nanotube

with GO, a strong increase in conductance with decreasing pH was observed [55].

On changing the pH from 4 to 5.5, the effective gate voltage changed by 20 mV,

which corresponded to a 30 mS change in the conductance of the nanotube. These

measurements show that it is possible to detect the doping induced by the binding

of about 50 protein molecules to a@600 nm long semiconducting SWNT.

Several research groups have explored the electrochemical detection of biological

molecules with electrodes consisting of CNTs in their pristine or modified forms;

details of the achievements in electrochemical biosensing using CNTs have been

outlined in a recent review [98]. Since their introduction into electrochemistry,

CNT electrodes have demonstrated an enhanced sensitivity compared with conven-

tional carbon electrodes. For example, detection of transmitter dopamine exhibited

characteristic cyclic voltammograms at conventional electrodes such as glassy car-

bon and pyrolytic carbon fibers, as well as at CNT electrodes [81]. However, the

conventional electrodes suffered from poor reversibility, while CNT electrodes ex-

hibited excellent reversibility and were also very sensitive in the analysis of goat

brain tissue. This illustrates the potential to use CNT electrodes for in vivo and in
vitro neurotransmitter investigations involving dopamine, and possibly with other

oxidizable transmitters. Similarly, the ultrasensitivity of CNT electrodes in electro-

chemical detection of proteins and DNA has been reported [91]. Covalent coupling

of the alkaline phosphatase (ALP) enzyme to CNTs has led to the highest sensitiv-

ity (detection limit 1 pg L�1) reported thus far for electrical detection of DNA. This

CNT-ALP-linked assay can be modified for antigen detection by using specific

antibody–antigen recognition, which could provide a fast, simple solution for

molecular diagnosis in pathologies where molecular markers exist, such as DNA

or protein.

Ultrasensitive DNA detection has been also achieved with a nanoelectrode array

composed of aligned MWNTs embedded in silicon dioxide. The nanoelectrodes

have been fabricated by a bottom-up approach, which resulted in precisely posi-

tioned and well-aligned MWNTs embedded in the silicon dioxide matrix. This con-

figuration provided structural integrity to the electrodes and allowed the sensitivity

of the array to be tailored by controlling the nanotube density [83]. The sensitivity

was increased dramatically upon lowering the nanotube density in the array, allow-

ing for the detection of less than a few attomoles of oligonucleotide.

A similar approach has been used to develop a MWNT-based nanoelectrode array

for selective detection of glucose [85]. Nanotubes in the array were embedded in an

epoxy matrix. The exposed nanotube tips were functionalized with glucose oxidase

using carbodiimide chemistry. The devices showed a linear response to glucose up

to a concentration of about 30 mm with the detection limit down to 0.08 mm,

achieving a much wider range than necessary for sampling glucose in human

blood and urine.
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Alternative approaches for the development of glucose biosensors involve con-

ducting polymer coated CNT arrays [86, 87]. In this approach GO was incorporated

into a layer of conducting polymer, such as polypyrrole [87] or polyaniline [86],

which coated aligned nanotubes. The amperometric response from these aligned

nanotube–polymer nanowires was much higher than that of conventional elec-

trodes using conducting polymers.

An additional advantage of CNT-based biosensors is the possibility of the favor-

able improvement of screen-printed graphite sensors by their modification with

CNTs [92]. MWNTs have been used for modification of working graphite ink elec-

trodes; the nanotubes were deposited on the graphite surface by evaporation of

a solution of MWNTs in DMF, and the electrodes were further modified by adsorp-

tion of organophosphorus hydrolase, which allowed detection of the pesticide para-

oxon with greater sensitivity than for previous detection methods [92].

Atomic force microscopy (AFM) is a CNTs biosensing application that also im-

pacts structural biology; due to their high aspect ratio, strength and chemical versa-

tility, CNTs can be used to improve upon standard AFM tips in several ways. The

most obvious is to enhance the image resolution as the tip size is significantly

reduced when SWNTs are utilized. Standard commercial silicon-based tips have

radial curvatures of about 5–10 nm, while SWNT AFM tips with a diameter in the

range of 1–3 nm have already been fabricated [99, 100]. The improved resolution

of the CNT tips has been demonstrated clearly in an AFM study of isolated pro-

teins at room temperature in which a MWNT tip reproducibly resolved the distinct

Y-shape of an isolated immunoglobulin G (IgG) [101], while previous images ob-

tained with conventional tips yielded only a heart-shaped structure. Similarly,

SWNT tips were used for high-resolution imaging of isolated DNA molecules

[102]. This method has been implemented for determination of haplotypes on

UGT1A7 [101], a gene suggested to be a cancer risk factor. Using SWNTs as a tip

gives a resolution of approximately 10 bases, which enables direct reading of DNA

sequences, and the utilization of SWNT tips in haplotyping clearly could be applied

to the understanding and diagnosis of genetic diseases.

AFM probes with functionalized SWNTs as tips have been proposed as the ideal

high-resolution probe for mapping chemical domains by using chemical force mi-

croscopy [103]. SWNT tips are extremely sensitive to surface polarity, pH and many

other chemical characteristics of the sample, as demonstrated by tapping mode

AFM studies using a tip of CNTs with terminal carboxylic groups [104], where it

was possible to chemically map the patterned substrate containing areas of methyl

and carboxylic groups (Fig. 2.10). The ability of AFM tips to detect biological mole-

cules has also been demonstrated, and biotin-modified SWNT AFM tips have been

used to study biotin interaction with streptavidin immobilized on a mica surface

[104]. This method offers the opportunity to detect the spatio-temporal location of

a specific molecule; in this approach the temporal resolution would be limited by

the scanning speed and biosensor properties, while the spatial resolution would

be limited by the diameter of the nanotube. For example, nanotubes capable of

sensing glucose [105, 106] or neurotransmitters could be used to scan for the up-

take and release of these compounds from specific cells under various stimuli.
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2.5.3

Substrates for Neuronal Growth

The first use of CNTs in contact with living cells made use of carbon nanotubes as

a substrate for neuronal growth [107]. In this work, cultured hippocampal neurons

were grown on MWNTs deposited on PEI-coated coverslips. Scanning electron mi-

croscopy was used to visualize the morphological parameters of neuronal growth.

The neuronal bodies adhered to the surface of the MWNTs, showing outgrowth of

neurites that elaborated into many small branches. The neurons remained alive on

the MWNTs for at least 11 days.

Fig. 2.10. (a) Schematic of a SWNT tip with

attached carboxylic acid groups. (b)–(d)

Chemical mapping with functionalized SWNT

tip. (b) Schematic of a patterned substrate

consisting of a self-assembled monolayer

(SAM) region terminated with methyl groups

and surrounded by carboxylic acid-terminated

SAM. (c) Tapping mode phase image of the

patterned SAM in (b) imaged with a carboxylic

acid-terminated SWNT tip, and (d) phase

image of a similar substrate imaged with a

C6H5-terminated SWNT tip. (Courtesy of

Charles M. Lieber, Harvard University, USA.)
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More recently, this work was extended by characterizing the morphological fea-

tures of live neurons labeled with the fluorescent dye calcein, and visualized with a

fluorescence microscope (Fig. 2.11) [108]. Neuronal growth was systematically con-

trolled by modified MWNTs, prepared by covalently conjugating CNTs with func-

tionalities designed to carry negative, neutral or positive charges at physiological

extracellular pH. By using these CNTs as the scaffold for neuronal growth, it was

found that the neurons grown on positively charged MWNTs showed more numer-

ous growth cones, longer neurite outgrowth and more successful neurite branch-

ing than neurons grown on negatively charged CNTs (Fig. 2.11). Thus, by varying

the electrostatic charge on the MWNTs it was possible to manipulate the growth

pattern of the neurons. Similarly, neuronal growth was also modulated by using

a SWNT-PEI graft copolymer as a scaffold or substrate for cultured neurons [109].

SWNT-PEI promoted neurite outgrowth and branching; neurons grown on SWNT-

PEI showed more extensive neurite branching than neurons grown on as-prepared

(AP-) MWNT, but having quantitatively similar neurite branching to those of neu-

rons grown on PEI. The number of their growth cones was comparable to those on

neurons grown on AP-MWNTs; the neurite lengths were intermediate and fell be-

tween those of neurons grown on AP-MWNTs and PEI (Fig. 2.11). Where PEI was

combined with SWNTs, the positive charge on the PEI was reduced, perhaps by

@20%, in proportion to the SWNT loading in the copolymer. The surface charge

Fig. 2.11. (A) SEM image of a neuron grown

on as-prepared MWNTs (AP-MWNTs). (b)

Fluorescence image showing a live neuron on

AP-MWNTs, which accumulated the vital stain,

calcein. Arrow indicates a growth cone. Scale

bar, 20 mm. (c) Drawing summarizing the

effects of MWNT charges and (d) the effects of

graft copolymer SWNT-PEI on growth cones,

neurite outgrowth and branching. PEI,

polyethyleneimine. (Modified from Refs. [108,

109].)
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reduction could be the basis for the effect of the copolymer on neuronal growth

characteristics. Besides giving new information on the sensitivity of neuron growth

parameters to substrate quality and charge, the data gathered may provide the

basis for the development of materials where the ratio of SWNT/PEI in the copoly-

mer could control neurite outgrowth and branching.

Taken together these studies demonstrate that CNTs can be used as a scaffold

or substrate for neuronal growth and that modifications of CNTs, including graft

copolymers with PEI, can be employed to modulate the arborization of neuronal

processes and their outgrowth. This suggests that it may become possible to em-

ploy suitably functionalized CNTs as neural prostheses in neurite regeneration.

2.6

Concluding Remarks

It is apparent from the body of work detailed in this chapter that there is already an

impressive array of currently available methods for biofunctionalization of CNTs

and of CNT applications in biology and nanotechnology. As a result of their unique

properties and the sophistication of the chemistries available for their modification,

CNTs have immense potential in biotechnology and biomedicine that are only now

starting to be realized – although their toxicity remains a concern [110, 111]. Pres-

ently, CNTs are mainly under investigation in research laboratories, but if there is

widespread commercialization of CNTs, the exposure of the general populace to

this material must not occur without adequate testing. At this point there is no in-

dication that CNTs will be any more hazardous than other forms of carbon, and

their enormous potential in nanomedicine mandates the continued investigation

of this unique nanomaterial from the biological standpoint.
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References 65



nanotube arrays. Nature 2000, 408,
50–51.

4 Mintmire, J.W., Dunlap, B.I.,

White, C.T., Are fullerene tubules

metallic? Phys. Rev. Lett. 1992, 68,
631–634.

5 Hamada, N., Sawada, S.I., Oshiyama,

A., New one-dimensional conductors:

graphitic microtubules. Phys. Rev. Lett.
1992, 68, 1579–1581.

6 Saito, R., Fujita, M., Dresselhaus,

G., Dresselhaus, M.S., Electronic

structure of chiral graphene tubules.

Appl. Phys. Lett. 1992, 60, 2204–2206.
7 Fischer, J.E., Dai, H., Thess, A., Lee,

R., Hanjani, N.M., Dehaas, D.L.,

Smalley, R.E., Metallic resistivity in

crystalline ropes of single-wall carbon

nanotubes. Phys. Rev. B 1997, 55,
R4921–R4924.

8 Bekyarova, E., Davis, M., Burch, T.,

Itkis, M.E., Zhao, B., Sunshine, S.,

Haddon, R.C., Chemically function-

alized single-walled carbon nanotubes

for ammonia sensors. J. Phys. Chem.
B 2004, 108, 19717–19720.

9 Salvetat, J.P., Briggs, G.A.D.,

Bonard, J.M., Basca, R.R., Kulik,

A.J., Stockli, T., Burnham, N.A.,

Forro, L., Elastic and shear moduli of

single-walled carbon nanotube ropes.

Phys. Rev. Lett. 1999, 82, 944–947.
10 Yu, M.F., Files, B.S., Arepalli, S.,

Ruoff, R.S., Tensile loading of ropes

of single wall carbon nanotubes and

their mechanical properties. Phys. Rev.
Lett. 2000, 84, 5552–5555.

11 Journet, C., Bernier, P., Production

of carbon nanotubes. Appl. Phys. A
1998, 67, 1–9.

12 Correa-Duarte, M.A., Wagner, N.,

Rojas-Chapana, J., Morsczeck, C.,

Thie, M., Giersig, M., Fabrication

and biocompatibility of carbon

nanotube-based 3D networks as

scaffolds for cell seeding and growth.

Nano Lett. 2004, 4, 2233–2236.
13 Zhang, Y., Chang, A., Cao, J.,

Wang, Q., Kim, W., Li, Y., Morris,

N., Yenilmez, E., Kong, J., Dai, H.,

Electric-field-directed growth of

aligned single-walled carbon

nanotubes. Appl. Phys. Lett. 2001, 79,
3155–3157.

14 Joselevich, E., Lieber, C.M., Vectorial

growth of metallic and semicon-

ducting single-wall carbon nanotubes.

Nano Lett. 2002, 2, 1137–1141.
15 Yu, Z., Li, S., Burke, P.J., Synthesis

of aligned arrays of millimeter long,

straight single-walled carbon

nanotubes. Chem. Mater. 2004, 16,
3414–3416.

16 Dai, H., Carbon nanotubes: synthesis,

integration, and properties. Acc. Chem.
Res. 2002, 35, 1035–1044.

17 Rao, A.M., Jacques, D., Haddon,

R.C., Zhu, W., Bower, C., Jin, S., In

situ-grown carbon nanotube arrays

with excellent field emission charac-

teristics. Appl. Phys. Lett. 2000, 76,
3813–3815.

18 Geohegan, D.B., Schittenhelm, H.,

Fan, X., Pennycook, S.J., Puretzky,

A.A., Guillorn, M.A., Blom, D.A.,

Joy, D.C., Condensed phase growth of

single-wall carbon nanotubes from

laser annealed nanoparticulates. Appl.
Phys. Lett. 2001, 78, 3307–3309.

19 Chakrapani, N., Wei, B., Carrillo,

A., Ajayan, P.M., Kane, R.S.,

Capillary-driven assembly of two-

dimensional cellular carbon nanotube

foams. Proc. Nat. Acad. Sci. U.S.A.
2004, 101, 4009–4012.

20 Giles, J., Growing nanotech trade hit

by questions over quality. Nature 2004,
432, 791.

21 Chen, J., Hamon, M.A., Hu, H.,

Chen, Y., Rao, A.M., Eklund, P.C.,

Haddon, R.C., Solution properties of

single-walled carbon nanotubes.

Science 1998, 282, 95–98.
22 Itkis, M.E., Niyogi, S., Meng, M.,

Hamon, M., Hu, H., Haddon, R.C.,

Spectroscopic study of the Fermi level

electronic structure of single walled

carbon nanotubes. Nano Lett. 2002, 2,
155–159.

23 Itkis, M.E., Perea, D., Niyogi, S.,

Rickard, S., Hamon, M., Hu, H.,

Zhao, B., Haddon, R.C., Purity

evaluation of as-prepared single-walled

carbon nanotube soot by use of

solution phase near-IR spectroscopy.

Nano Lett. 2003, 3, 309–314.
24 Nishide, D., Kataura, H., Suzuki, S.,

Tsukagoshi, K., Aoyagi, Y., Achiba,

66 2 Biofunctionalization of Carbon Nanotubes



Y., High-yield production of single-

wall carbon nanotubes in nitrogen

gas. Chem. Phys. Lett. 2003, 372, 45–
50.

25 Dillon, A.C., Gennett, T., Parilla,

P.A., Alleman, J.L., Jones, K.M.,

Heben, M.J., Evaluating the purity of

single-wall nanotube materials. Mater.
Res. Soc. Symp. Proc. 2001, 633,
A5.2.1–A5.2.6.

26 Dresselhaus, M.S., Dresselhaus, G.,

Jorio, A., Souza Filsho, A.G.,

Pimenta, M.A., Saito, R., Single

nanotube Raman spectroscopy. Acc.
Chem. Res. 2002, 35, 1070–1078.

27 Zhang, M., Yudasaka, M., Koshio,

A., Iijima, S., Thermogravimetric

analysis of single-wall carbon nano-

tubes ultrasonicated in monochloro-

benzene. Chem. Phys. Lett. 2002, 364,
420–426.

28 Arepalli, S., Nikolaev, P., Gorelik,

O.P., Nadjiev, V.G., Holmes, W.,

Files, B., Yowell, L., Protocol for the

characterization of single-wall carbon

nanotube material quality. Carbon
2004, 42, 1783–1791.

29 Itkis, M.E., Perea, D., Jung, R.,

Niyogi, S., Haddon, R.C., Compari-

son of analytical techniques for purity

evaluation of single-walled carbon

nanotubes. J. Am. Chem. Soc. 2005,
127, 3439–3448.

30 Hata, K., Fubata, D.N., Mizuno, K.,

Namai, T., Yumura, M., Iijima, S.,

Water-assisted highly efficient

synthesis of impurity-free single-

walled carbon nanotubes. Science
2004, 306, 1362–1364.

31 Liu, J., Rinzler, A.G., Dai, H.,

Hafner, J.H., Bradley, R.K., Boul,

P.J., Lu, A., Iverson, T., Shelimov,

K., Huffman, C.B., Rodriguez-

Macias, F., Shon, Y.-S., Lee, T.R.,

Colbert, D.T., Smalley, R.E.,

Fullerene pipes. Science 1998, 280,
1253–1256.

32 Chiang, I.W., Brinson, B.E.,

Smalley, R.E., Margrave, J.L.,

Hauge, R.H., Purification and

characterization of single-wall carbon

nanotubes. J. Phys. Chem. B 2001, 105,
1157–1161.

33 Niyogi, S., Hu, H., Hamon, M.A.,

Bhowmik, P., Zhao, B., Rozenzhak,

S.M., Chen, J., Itkis, M.E., Meier,

M.S., Haddon, R.C., Chromato-

graphic purification of soluble single-

walled carbon nanotubes (s-SWNTs). J.
Am. Chem. Soc. 2001, 123, 733–734.

34 Hu, H., Zhao, B., Itkis, M.E.,

Haddon, R.C., Nitric acid purification

of single-walled carbon nanotubes. J.
Phys. Chem. B 2003, 107, 13838–
13842.

35 Haddon, R.C., Sippel, J., Rinzler,

A.G., Papadimitrakopoulos, F.,

Purification and separation of carbon

nanotubes. MRS Bull. 2004, 29, 252–
259.

36 Niyogi, S., Hamon, M.A., Hu, H.,

Zhao, B., Bhowmik, P., Sen, R.,

Itkis, M.E., Haddon, R.C., Chemistry

of single-walled carbon nanotubes.

Acc. Chem. Res. 2002, 35, 1105–1113.
37 Zhao, B., Hu, H., Bekyarova, E.,

Itkis, M.E., Niyogi, S., Haddon,

R.C., Carbon nanotubes: Chemistry.

Encycloped. Nanosci. Nanotechnol. 2004,
493–506.

38 Sun, Y.P., Fu, K., Lin, Y., Huang,

W., Functionalized carbon nanotubes:

properties and applications. Acc.
Chem. Res. 2002, 35, 1096–1104.

39 Zhao, W., Song, C., Pehrsson, P.E.,

Water-soluble and optically pH-

sensitive single-walled carbon nano-

tubes from surface modification. J. Am.
Chem. Soc. 2002, 124, 12418–12419.

40 Rinzler, A.G., Liu, J., Dai, H.,

Nikolaev, P., Huffman, C.B.,

Rodriguez-Macias, F.J., Boul, P.J.,

Lu, A.H., Heymann, D., Colbert,

D.T., Lee, R.S., Fischer, J.E., Rao,

A.M., Eklund, P.C., Smalley, R.E.,

Large-scale purification of single-wall

carbon nanotubes: process, product

and characterization. Appl. Phys. A
1998, 67, 29–37.

41 O’Connell, M.J., Bachilo, S.M.,

Huffman, C.B., Moore, V.C.,

Strano, M.S., Haroz, E.H., Rialon,

K.L., Boul, P.J., Noon, W.H.,

Kittrell, C., Ma, J., Hauge, R.H.,

Weisman, B.R., Smalley, R.E., Band

gap fluorescence from individual

single-walled carbon nanotubes.

Science 2002, 297, 593–596.

References 67



42 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.,

Reversible water-solubilization of

single-walled carbon nanotubes by

polymer wrapping. Chem. Phys. Lett.
2001, 342, 265–271.

43 Dyke, C.A., Tour, J.M., Unbundled

and highly functionalized carbon

nanotubes from aqueous reactions.

Nano Lett. 2003, 3, 1215–1218.
44 Heller, D.A., Barone, P.W.,

Swanson, J.P., Mayrhofer, R.M.,

Strano, M.S., Using Raman

spectroscopy to elucidate the

aggregation state of single-walled

carbon nanotubes. J. Phys. Chem. B
2004, 108, 6905–6909.

45 Zhang, X., Lu, Z., Wen, M., Liang,

H., Zhang, J., Liu, Z., Single-walled

carbon nanotube-based coaxial

nanowires: synthesis, characterization,

and electrical properties. J. Phys.
Chem. B 2005, 109, 1101–1107.

46 Moore, V.C., Strano, M.S., Haroz,

E.H., Hauge, R.H., Smalley, R.E.,

Schmidt, J., Talmon, Y., Individually

suspended single-walled carbon

nanotubes in various surfactants.

Nano Lett. 2003, 3, 1379–1382.
47 Riggs, J.E., Walker, D.B., Carroll,

D.L., Sun, Y.-P., Optical limiting

properties of suspended and

solubilized carbon nanotubes. J. Phys.
Chem. B 2000, 104, 7071–7076.

48 Zhao, B., Hu, H., Haddon, R.C.,

Synthesis and properties of a water

soluble single-walled carbon nanotube-

poly (m-aminobenzene sulphonic

acid) graft copolymer. Adv. Funct.
Mater. 2004, 14, 71–76.

49 Zhao, B., Hu, H., Yu, A., Perea, D.,

Haddon, R.C., Synthesis and

characterization of water soluble

single-walled carbon nanotube graft

copolymers. J. Am. Chem. Soc. 2005,
127, 8197–8203.

50 Sano, M., Kamino, A., Okamura, J.,

Shinkai, S., Self-organization of PEO-

graft-single-walled carbon nanotubes

in solutions and Langmuir-Blodgett

films. Langmuir 2001, 17, 5125–5128.
51 Fernando, K.A.S., Lin, Y., Sun, Y.P.,

High aqueous solubility of function-

alized single-walled carbon nanotubes.

Langmuir 2004, 20, 4777–4778.
52 Pompeo, F., Resasco, D.E., Water

solubilization of single-walled carbon

nanotubes by functionalization with

glucosamine. Nano Lett. 2002, 2, 369–
373.

53 Balavoine, F., Schultz, P., Richard,

C., Mallouh, V., Ebbesen, T.W.,

Mioskowski, C., Helical crystallization

of proteins on carbon nanotubes: A

first step towards the development of

new biosensors. Angew. Chem. Int. Ed.
1999, 38, 1912–1915.

54 Erlanger, B.F., Chen, B.X., Zhu, M.,

Brus, L., Binding of an anti-fullerene

IgG monoclonal antibody to single

wall carbon nanotubes. Nano Lett.
2001, 1, 465–467.

55 Besteman, K., Lee, J.-O., Wiertz,

F.G., Heering, H.A., Dekker, C.,

Enzyme-coated carbon nanotubes as

single-molecule biosensors. Nano Lett.
2003, 3, 727–730.

56 Richard, C., Balavoine, F., Schultz,

P., Ebbesen, T.W., Mioskowski, C.,

Supramolecular self-assembly of lipid

derivatives on carbon nanotubes.

Science 2003, 300, 775–778.
57 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.,

Samsonidze, G.G., Semke, E.D.,

Usrey, M.L., Walls, D.J., Structure-

based carbon nanotube sorting by

sequence-dependent DNA assembly.

Science 2003, 302, 1545–1548.
58 Zorbas, V., Ortiz-Acevedo, A.,

Dalton, A.B., Yoshida, M.M.,

Dieckmann, G.R., Draper, R.K.,

Baughman, R.H., Jose-Yacaman, M.,

Musselman, I.H., Preparation and

characterization of individual peptide-

wrapped single-walled carbon

nanotubes. J. Am. Chem. Soc. 2004,
126, 7222–7227.

59 Karajanagi, S.S., Vertegel, A.A.,

Kane, R.S., Dordick, J.S., Structure

and function of enzymes adsorbed

onto single-walled carbon nanotubes.

Langmuir 2004, 20, 11594–11599.
60 Dieckmann, G.R., Dalton, A.B.,

68 2 Biofunctionalization of Carbon Nanotubes



Johnson, P.A., Razal, J., Chen, J.,

Giordano, G.M., Munoz, E.,

Musselman, I.H., Baughman, R.H.,

Draper, R.K., Controlled assembly of

carbon nanotubes by designed

amphiphilic peptide helices. J. Am.
Chem. Soc. 2003, 125, 1770–1777.

61 Zheng, M., Jagota, A., Semke, E.D.,

Diner, B.A., McLean, R.S., Lustig,

S.R., Richardson, R.E., Tassi, N.G.,

DNA-assisted dispersion and

separation of carbon nanotubes.

Nature Mater. 2003, 2, 338–342.
62 Strano, M.S., Zheng, M., Jagota, A.,

Onoa, G.B., Heller, D.A., Barone,

P.W., Usrey, M.L., Understanding the

nature of the DNA-assisted separation

of single-walled carbon nanotubes

using fluorescence and Raman

spectroscopy. Nano Lett. 2004, 4, 543–
550.

63 Shim, M., Kam, N.W.S., Chen, R.J.,

Li, Y., Dai, H., Functionalization of

carbon nanotubes for biocompatibility

and biomolecular recognition. Nano
Lett. 2002, 2, 285–288.

64 Chen, R.J., Zhang, Y., Wang, D.,

Dai, H., Noncovalent sidewall

functionalization of single-walled

carbon nanotubes for protein

immobilization. J. Am. Chem. Soc.
2001, 123, 3838–3839.

65 Huang, W., Taylor, S., Fu, K., Lin,

Y., Zhang, D., Hanks, T.W., Rao,

A.M., Sun, Y.-P., Attaching proteins to

carbon nanotubes via diimide-activated

amidation. Nano Lett. 2002, 2, 311–
314.

66 Dwyer, C., Guthold, M., Falvo, M.,

Washburn, S., Superfine, R., Erie,

D., DNA-functionalized single-walled

carbon nanotubes. Nanotechnology
2002, 13, 601–604.

67 Williams, K.A., Veenhuizen, P.T.M.,

de la Torre, B.G., Eritja, R.,

Dekker, C., Nanotechnology: Carbon

nanotubes with DNA recognition.

Nature 2002, 420, 761.
68 Baker, S.E., Cai, W., Lasseter, T.L.,

Weidkamp, K.P., Hamers, R.J.,

Covalently bonded adducts of

deoxyribonucleic acid (DNA)

oligonucleotides with single-wall

carbon nanotubes: synthesis and

hybridization. Nano Lett. 2002, 2,
1413–1417.

69 Georgakilas, V., Kordatos, K.,

Prato, M., Guldi, D.M., Holzinger,

M., Hirsch, A., Organic functionaliza-

tion of carbon nanotubes. J. Am. Chem.
Soc. 2002, 124, 760–761.

70 Georgakilas, V., Tagmatarchis, N.,

Pantarotto, D., Bianco, A., Briand,

J.P., Prato, M., Amino acid

functionalization of water soluble

carbon nanotubes. Chem. Commun.
2002, 3050–3051.

71 Keren, K., Berman, R.S., Buchstab,

E., Sivan, U., Braun, E., DNA-

templated carbon nanotube field-effect

transistor. Science 2003, 302, 1380–
1382.

72 Hazani, M., Hennrich, F., Kappes,

M., Naaman, R., Peled, D., Sidorov,

V., Shvarts, D., DNA-mediated self-

assembly of carbon nanotube-based

electronic devices. Chem. Phys. Lett.
2004, 391, 389–392.

73 Hazani, M., Shvarts, D., Peled, D.,

Sidorov, V., Naaman, R., Self-

assembled carbon-nanotube-based

field-effect transistors. J. Appl. Phys.
2004, 85, 5025–5027.

74 Moghaddam, M.J., Taylor, S., Gao,

M., Huang, S., Dai, L., McCall, M.J.,

Highly efficient binding of DNA on

the sidewalls and tips of carbon

nanotubes using photochemistry.

Nano Lett. 2004, 4, 89–93.
75 Li, S., He, P., Dong, J., Guo, Z., Dai,

H., DNA-directed self-assembling of

carbon nanotubes. J. Am. Chem. Soc.
2005, 127, 14–15.

76 Hu, L., Hecht, D.S., Gruner, G.,

Percolation in transparent and

conducting carbon nanotube

networks. Nano Lett. 2004, 4, 2513–
2517.

77 Wu, Z., Chen, Z., Du, X., Logan,

J.M., Sippel, J., Nikolou, M.,

Kamaras, K., Reynolds, J.R., Tanner,

D.B., Hebard, A.F., Rinzler, A.G.,

Transparent, conductive carbon

nanotube films. Science 2004, 305,
1273–1276.

78 Jung, D.-H., Kim, B.H., Ko, Y.K.,

Jung, M.S., Jung, S., Lee, S.Y., Jung,

H.-T., Covalent attachment and

References 69



hybridization of DNA oligonucleotides

on patterned single-walled carbon

nanotube films. Langmuir 2004, 20,
8886–8891.

79 Jung, D.H., Jung, M.S., Ko, Y.K.,

Seo, S.J., Jung, H.-T., Carbon

nanotube conducting arrays by

consecutive amidation reactions.

Chem. Commun. 2004, 526–527.
80 Zhang, Y., Li, J., Shen, Y., Wang,

M., Li, J., Poly-l-lysine functionaliza-

tion of single-walled carbon nano-

tubes. J. Phys. Chem. B 2004, 108,
15343–15346.

81 Britto, P.J., Santhaman, S.K.V.,

Ajayan, P.M., Carbon nanotube

electrode for oxidation of dopamine.

Bioelectrochem. Bioenerg. 1996, 41,
121–125.

82 Guiseppi-Elie, A., Lei, C.,

Baughman, R.H., Direct electron

transfer of glucose oxidase on carbon

nanotubes. Nanotechnology 2002, 13,
559–564.

83 Li, J., Ng, H.T., Cassell, A., Fan, W.,

Chen, H., Ye, Q., Koehne, J., Han,

J., Meyyappan, M., Carbon nanotube

nanoelectrode array for ultrasensitive

DNA detection. Nano Lett. 2003, 3,
597–602.

84 Gooding, J.J., Wibowo, R., Liu, J.,

Yang, W., Losic, D., Orbons, S.,

Mearns, F.J., Shapter, J.G., Hibbert,

D.B., Protein electrochemistry using

aligned carbon nanotube arrays. J.
Am. Chem. Soc. 2003, 125, 9006–9007.

85 Lin, Y., Lu, F., Tu, Y., Ren, Z.,

Glucose biosensors based on carbon

nanotube nanoelectrode ensembles.

Nano Lett. 2004, 4, 191–195.
86 Soundarrajan, P., Patil, A., Dai, L.,

Surface modification of aligned carbon

nanotube array for electrochemical

sensing applications. J. Vac. Sci.
Technol. A 2003, 21, 1198–1201.

87 Gao, M., Dai, L., Wallace, G.G.,

Biosensors based on aligned carbon

nanotubes coated with inherently

conducting polymers. Electroanalysis
2003, 15, 1089–1094.

88 Wang, J., Musameh, M., Carbon

nanotube/Teflon composite electro-

chemical sensors and biosensors.

Anal. Chem. 2003, 75, 2075–2079.

89 Star, A., Gabriel, J.-C.P., Bradley,

K., Gruner, G., Electronic detection

of specific protein binding using

nanotube FET devices. Nano Lett.
2003, 3, 459–463.

90 Luong, J.H., Hrapovic, S., Wang, D.,

Bensebaa, F., Simard, B., Solubiliza-

tion of multiwall carbon nanotubes by

3-aminopropyltriethoxysilane towards

the fabrication of electrochemical

biosensors with promoted electron

transfer. Electroanalysis 2004, 16, 132–
139.

91 Wang, J., Liu, G., Jan, M.R.,

Ultrasensitive electrical biosensing of

proteins and DNA: Carbon-nanotube

derived amplification of the

recognition and transduction events. J.
Am. Chem. Soc. 2004, 126, 3010–3011.

92 Trojanowicz, M., Mulchandani, A.,

Mascini, M., Carbon nanotubes-

modified screen-printed electrodes for

chemical sensors and biosensors.

Anal. Lett. 2004, 37, 3185–3204.
93 Kong, J., Franklin, N.R., Zhou,

C.W., Chapline, M.G., Peng, S.,

Cho, K.J., Dai, H.J., Nanotube

molecular wires as chemical sensors.

Science 2000, 287, 622–625.
94 Collins, P.G., Bradley, K., Ishigami,

M., Zettl, A., Extreme oxygen

sensitivity of electronic properties of

carbon nanotubes. Science 2000, 287,
1801–1804.

95 Bradley, K., Briman, M., Star, A.,

Gruner, G., Charge transfer from

adsorbed proteins. Nano Lett. 2003, 4,
253–256.

96 Boussaad, S., Tao, N.J., Zhang, R.,

Hopson, T., Nagahara, L.A., In situ

detection of cytochrome c adsorption

with single walled carbon nanotube

device. Chem. Commun. 2003, 1502–
1503.

97 Chen, R.J., Choi, H.C.,

Bangsaruntip, S., Yenilmez, E.,

Tang, X., Wang, Q., Chang, Y.-L.,

Dai, H., An investigation of the

mechanism of electronic sensing of

protein adsorption on carbon

nanotube devices. J. Am. Chem. Soc.
2004, 126, 1563–1568.

98 Zhao, O., Gan, Z., Zhuang, Q.,

Electrochemical sensors based on

70 2 Biofunctionalization of Carbon Nanotubes



carbon nanotubes. Electroanalysis 2002,
14, 1609–1613.

99 Hafner, J.H., Cheung, C.L., Lieber,

C.M., Direct growth of single-walled

carbon nanotube scanning probe

microscopy tips. J. Am. Chem. Soc.
1999, 9750–9751.

100 Hafner, J.H., Cheung, C.-L.,

Oosterkamp, T.H., Lieber, C.M.,

High-yield assembly of individual

single-walled carbon nanotube tips for

scanning probe microscopies. J. Phys.
Chem. B 2000, 105, 743–746.

101 Wooley, A.T., Cheung, C.L.,

Hafner, J.H., Lieber, C.M., Struc-

tural biology with carbon nanotube

AFM probes. Chem. Biol. 2000, 7,
R193–R204.

102 Chen, L., Cheung, C.L., Ashby, P.D.,

Lieber, C.M., Single-walled carbon

nanotube AFM probes: Optical

imaging resolution of nanoclusters

and biomolecules in ambient and fluid

environments. Nano Lett. 2004, 4,
1725–1731.

103 Wong, S.S., Woolley, A.T.,

Joselevich, E., Cheung, C.L., Lieber,

C.M., Covalently-functionalized single-

walled carbon nanotube probe tips for

chemical force microscopy. J. Am.
Chem. Soc. 1998, 120, 8557–8558.

104 Wong, S.S., Joselevich, E., Wooley,

A.T., Cheung, C.L., Lieber, C.M.,

Covalently functionalized nanotubes

as nanometre-sized probes in

chemistry and biology. Nature 1998,
394, 52–55.

105 Wang, S.G., Zhang, Q., Wang, R.,

Yoon, S.F., A novel multi-walled

carbon nanotube based biosensor for

glucose detection. Biochem. Biophys.
Res. Commun. 2003, 311, 572–576.

106 Tang, H., Chen, J., Yao, S., Nie, L.,

Deng, G., Kuang, Y., Amperometric

glucose biosensor based on adsorption

of glucose oxidase at platinum

nanoparticle-modified carbon

nanotube electrode. Anal. Biochem.
2004, 331, 89–97.

107 Mattson, M.P., Haddon, R.C., Rao,

A.M., Molecular functionalization of

carbon nanotubes and use as

substrates for neuronal growth. J. Mol.
Neurosci. 2000, 14, 175–182.

108 Hu, H., Ni, Y., Montana, V.,

Haddon, R.C., Parpura, V.,

Chemically functionalized carbon

nanotubes as substrates for neuronal

growth. Nano Lett. 2004, 4, 507–511.
109 Hu, H., Ni, Y., Mandal, S.K.,

Montana, V., Zhao, B., Haddon,

R.C., Parpura, V., Polyethyleneimine

functionalized single-walled carbon

nanotubes as substrates for neuronal

growth. J. Phys. Chem. B 2005, 109,
4285–4289.

110 Service, R.F., Nanotechnology.

Sorting technique may boost nanotube

research. Science 2003, 300, 2018.
111 Service, R.F., Nanotoxicology.

Nanotechnology grows up. Science
2004, 304, 1732–1734.

112 Chikkannanavar, S.B., Luzzi, D.E.,

Paulson, S., Johnson, A.T., Jr.,

Synthesis of peapods using substrate-

grown SWNTs and DWNTs: An

enabling step toward peapod devices.

Nano Lett. 2005, 5, 151–155.

References 71



3

Biofunctionalization of Magnetic Nanoparticles

Yong Gao

3.1

Introduction

Advances in information storage technologies since the 1950s have led to tremen-

dous progress in the preparation of magnetic particles of nanometer dimensions

with defined properties [1, 2]. Since then, magnetic nanoparticles have found

applications in biomedicine [3]. Magnetic particles with a grain size down to the

nanometer scales have been used for in vitro cell/protein bio-separation, and

chem-/bio-syntheses of pharmaceutical drug molecules. They have also been em-

ployed for in vivo magnetic drug targeting, magnetic resonance imaging (MRI)

and magnetic hyperthermia tumor therapy [4–12]. More recently, due to rapid

advances in nanotechnology, novel synthetic routes for fabricating magnetic nano-

particles with the ability to rigorously control the microstructures of magnetic

nanoparticles, for example, coating, crystallinity and size uniformity, have been re-

ported [13–38]. The development of these new types of magnetic nanomaterials

has led to renewed research efforts on the functionalization of magnetic nanopar-

ticles for their expanded biomedical applications.

In vitro and in vivo applications of magnetic nanoparticles in biomedicine are

due to numerous beneficial factors associated with the unique nanometer-scale

magnetic and physiological properties of magnetic nanospheres. Below a critical

size, magnetic nanoparticles become single-domain and exhibit phenomena that

differ from those of micrometer-sized counterparts, such as superparamagnetism,

quantum tunneling of the magnetization, and unusually large coercivities, [1, 39–

41]. Superparamagnetic iron oxide nanoparticles have been used as MRI contrast

agents because of their very large magnetic moments – typically three orders of

magnitude greater than those of other paramagnetic materials [4–6]. In addition

to endowing them with unique magnetic properties, the small dimensions of mag-

netic nanoparticles, which range from several nanometers to hundreds of nano-

meters, typically smaller than those of proteins, cells and viruses, allow magnetic

nanoparticles to have ‘‘close’’ contacts with a biological entity of interest. Thereby,

magnetic nanoparticles can be utilized as a support for immobilization of bio-

active molecules for bio-separation and bio-labeling applications since these nano-
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particular supports present minimal steric hindrance to the surface-loaded proteins

and cells. Magnetic nanoparticles also have advantages over their micrometer

counterparts in in vivo bioapplications due to their small sizes. For example, in
vivo applications of magnetic particles usually prefer a particle dimension below

20 nm for high tissue penetration [42]. The small sizes can also help magnetic

nanoparticles evade hepatic clearance from the bloodstream by the mononuclear

phagocyte system (MPS). This will increase the plasma half-life of nanoparticles

and, thus, increase the probability of attaining the desired target inside the body

with magnetic nanoclusters [43].

A core/shell structure is usually required in many biomedical applications of

magnetic nanoparticles. Such nanoclusters have an inorganic core, e.g., iron oxide,

surrounded by an outer layer of shell wall that consists of long-chain organic

ligands or inorganic/organic polymers. For many biomedical applications, the

inorganic cores need to be superparamagnetic. For instance, the Food and Drug

Administration (FDA) approved iron oxide MRI contrast agents have a superpara-

magnetic nano-core coated with dextran polymers. Superparamagnetism is also

preferred for bio-separation and bio-labeling applications of magnetic nanopar-

ticles. This is because (1) superparamagnetic cores will respond to an external

magnetic field, but retain no magnetic properties once the field is removed [7].

The lack of magnetic remanence will allow magnetic materials to be repeatedly dis-

persed and concentrated in solution without forming magnetized clusters; and (2)

superparamagnetic materials have large magnetic moments, permitting the use of

low-field magnets for efficiently concentrating nanoparticles. Recently, progress

has been made on the synthesis of monodisperse and structurally well defined

iron oxide and other types of magnetic nanoparticles [13–33]. These new materials

can be employed for constructing the interior cores of the core/shell magnetic

nanoparticles – potentially endowing them with improved magnetic properties.

Hyeon has recently reviewed developments in the chemical synthesis of magnetic

nanoparticles [44].

The shell wall of core/shell magnetic nanoparticles is of particular importance to

the bioapplications, stability and magnetic properties of nanoparticular complexes.

Due to anisotropic dipolar attraction, nanoparticles tend to aggregate into large

clusters that cause the loss of specific properties associated with single-domain

nanostructures. Consequently, long-chain organic ligands or a layer of polymers

are usually introduced to coat the inorganic cores to prevent core aggregations. In

addition to improving the stability of nanoparticles, the shells also determine the

solubility of nanocomplexes in aqueous buffer media and provide a platform for

the functionalization of nanoclusters. Bio-active molecules, e.g., antibodies and

proteins, can be immobilized onto the surface of shell walls and interact with a

biological entity in surrounding solutions. However, as the size of nanoparticles

decreases, the influence of surface interactions upon the magnetic properties of

magnetic nanoparticles becomes more significant due to the increased volume

fraction of surface atoms. The symmetry is reduced for the chemical surroundings

of magnetic metal cations at the surface due to the incomplete coordination

sphere. As a consequence, the magnetic properties of the nanoparticle surfaces

3.1 Introduction 73



usually differ from those in the body of the nanoparticle, and surface effects could

become increasingly important to the overall magnetic properties of magnetic

nanoparticle as its size decreases [45–50].

The present chapter focuses on recent developments in the synthesis and bio-

functionalization of core/shell magnetic nanoparticles as well as their applications

in biological and medical sciences. Although widely used in bio-separation applica-

tions, micrometer-sized magnetic particles are outside the scope of this review.

This chapter is divided into three sections: functionalization of magnetic nanopar-

ticles for (a) in vitro protein/cell separation (Section 3.2); (b) in vitro biochemical/

chemical synthesis of therapeutic drugs and their intermediates (Section 3.3);

and (c) in vivo bio-imaging, drug targeting and tumor hyperthermia treatments

(Section 3.4), which includes some recent work on molecular imaging and gene

therapy using functionalized magnetic nanoparticles. Although most reported

molecular imaging and gene therapy experiments were carried out under in vitro
environments, the ultimate goal in these two areas is to develop novel techniques

using magnetic nanoclusters for in situ cellular visualization and gene therapy in

living animals. Therefore, functionalization of magnetic nanoparticles for cellular

imaging and gene therapy is listed under the in vivo applications of magnetic

nanoparticles.

3.2

Functionalization of Magnetic Nanoparticles for In Vitro Protein/Cell Separation

The synthesis of core/shell magnetic nanoclusters and the attachment of bio-active

ligands to the surface of the outer shells are key to bioapplications of magnetic

nanoparticles. Several strategies have been developed recently for coating magnetic

cores. The most common method is to use long-chain organic ligands to wrap up

the inorganic cores. Hydrophobic interactions between ligands from neighboring

nanoparticles will prevent adjacent inorganic cores agglomerating into a larger

cluster. However, biological applications usually require magnetic nanoparticles to

have good solubility in aqueous media. Hydrophobic long-chain alkanes will lower

the solubility of magnetic nanoparticles in aqueous buffers. To solve this problem,

our group has investigated the employment of charged bipyridinium carboxylic

acids for coating iron oxide cores to make these nanoparticles water-soluble (Fig.

3.1) [51]. The positive charges on the surface of nanoparticles not only stabilize

nanoparticles, by repelling neighboring clusters from forming aggregation, but

also improve the solubility of nanoparticles in aqueous media. This is particularly

important with biotin-functionalized maghemite nanoparticles since biotin is

practically insoluble in distilled water. Both biotin and bipyridinium ligands were

anchored to the surface of inorganic cores, having an average dimension of about

13 nm due to interactions between carboxyl groups and iron oxide. Such biotin-

functionalized maghemite nanocomposites have been utilized for affinity isolation

of fluorescein-labeled protein avidin.

A similar strategy using a bidentate enediol dopamine as a stable anchor of mag-
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netite nanoparticles for protein separation has been reported by Xu (Fig. 3.2A)

[52]. Two types of superparamagnetic nanoparticles were synthesized and tested

as supports for immobilization of nitrilotriacetic acid: one has a cobalt core with

a Fe2O3 shell, and the other has a SmCo5:2 core surrounded by an Fe2O3 shell.

Dopamine was anchored to magnetic nanoparticles via interactions between its

bidentate enediol functional group and surface iron oxide. Nitrilotriacetic acid was

linked to dopamine through a long tether. Upon chelation to Ni2þ, dopamine-

functionalized magnetic nanoparticles separated histidine-tagged proteins from a

cell lysate with high efficiency and capacity. Histidine-tagged proteins were segre-

gated from the solution due to interactions between a histidine tag and Ni2þ com-

plexed with nitrilotriacetic acid. The separation process was readily achieved by

applying an external small magnet. A similar bidentate enediol functional group,

C-undecylcalix[4]resorcinaren, has also been reported for coating cobalt magnetic

nanoparticles that self-assemble into bracelet-like rings [53].

Interactions between a sulfur group and FePt have been utilized to immobilize

nitrilotriacetic acid for the separation of histidine-tagged proteins from a cell lysate

Fig. 3.1. Structure of maghemite nanoparticles coated with

biotin and bipyridinium carboxylic acids. (Adapted from Fan

et al. [51].)

Fig. 3.2. Structures of magnetic nanocomposites using

dopamine (A) and sulfur (B) to anchor nitrilotriacetic acid for

separating histidine-tagged proteins. (Adapted from Xu [52,

54].)
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(Fig. 3.2B) [54]. Many other functional groups, such as aOH, aSH and aNH2, have

also been tested for their interactions with metals and metal oxides as capping

agents of magnetic metal and metal oxide cores. For instance, the amino groups

of vancomycin have been employed for immobilizing the antibiotic to the surface

of FePt nanoparticles [55]. Such complexes could capture and detect vancomycin-

resistant enterococci and other Gram-positive bacteria at concentrations of 101

cfu mL�1 within an hour. Additional examples of using amino groups for the func-

tionalization of magnetic nanoparticles have also been reported [56, 57]. A similar

nanocomposite of IgG and magnetite has also been employed by Chen’s group as

an effective affinity probe to concentrate target bacteria selectively [58]. IgG was

immobilized onto the surface of a magnetite core via an ester bond. Other than

antibodies, DNA/RNA-functionalized magnetic nanoparticles have also been used

for the isolation and extraction of DNA/RNA targets [59]. The surfaces of these

nanoparticles were usually coated with molecular beacon DNA probes for specific

recognition of DNA/RNA targets in solution.

The aOH, aSH and aNH2 functional groups are usually introduced through

a surface exchange reaction with pre-synthesized magnetic nanoparticles coated

with a different functional group [31, 60, 61], or by co-precipitation of an aqueous

solution of metal ion salts such as Fe2þ/Fe3þ in the presence of these organic cap-

ping groups [42]. For example, iron oxide nanoparticles coated with a-cyclodextrin

(CD) were obtained by a surface exchange reaction from iron oxide nanoparticles

protected by oleate [62]. a-CD was added to the surface of nanoparticles by vigo-

rously stirring, at room temperature, mixtures of hexane suspensions of iron oxide

nanoparticles coated with oleate and an equal volume of a-CD aqueous solution.

Oleate-stabilized nanoparticles were transferred from organic into aqueous phase

by surface modification using a-CD. CD molecules have aOH groups that can

bind to the surface of iron oxide cores.

An interesting way of capping magnetic iron oxide cores is to use phospho-

lipids to form nanometer-sized magnetoliposomes. An example [63] of such

phospholipid-coated magnetite nanoparticles, employing 1,2-myristoyl-sn-glycero-
3-phosphoglycerol, sodium salt and 1,2-dimyristoyl-sn-glycerol-3-phosphocholine,
had an iron oxide core dimension of 8 nm and a phospholipids/surfactant shell of

4 nm. These particles were effective ion exchange media for the recovery and sepa-

ration of proteins from protein mixtures. These nanocomposites demonstrated

high adsorptive capacities of proteins and exhibited none of the diffusion resis-

tances offered by conventional porous ion exchange media.

Due to strong interactions with metal oxide, organosilane groups have also been

explored for anchoring bioactive molecules onto the surface of iron oxide nano-

cores. Zhang has reported a novel approach using bifunctional trifluoroethylester

polyethylene glycol (PEG) silane for the functionalization of iron oxide nanopar-

ticles (Fig. 3.3) [64]. Folate acid, a widely used targeting agent for cancer therapies

[65], was attached to the outer terminus of the PEG chain to demonstrate the effec-

tiveness of bio-active ligand immobilization by this strategy. Silylation of magnetite

is key to the functionalization of magnetic nanoparticles in this route. Introduction

of PEG molecules as a linker will potentially benefit in vivo applications of these
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nanoparticles since PEG molecules are nonimmunogenic, nonantigenic and pro-

tein resistant and can increase particulate circulation time in the blood. Willner

has used the silylation of magnetic metal oxide surfaces for the immobilization of

redox functions to magnetite particles. Such complexes were used in constructing

a magneto-switchable bioelectrocatalysis sensor [66].

Sol–gel approaches have been examined for coating magnetic metal oxide cores

to form a core/shell structure having an inorganic metal oxide core wrapped with a

layer of silica [67–76]. Two different strategies have been investigated to generate

silica coatings on the surface of iron oxide particles. The first method relies on

the well-known Stöber process [77], in which silica is formed in situ through the

hydrolysis and condensation of a sol–gel precursor. For example, Xia has reported

the use of tetraethyl orthosilicate (TEOS) for coating mixed-crystalline iron oxide

nanoparticles (water-soluble ferrofluid) [74]. Because the iron oxide surface has a

strong affinity towards silica, no primer was required to promote the deposition

and adhesion of silica, allowing magnetic nanoparticles directly coated with amor-

phous silica to be formed via the hydrolysis of TEOS. A second sol–gel approach is

based on a microemulsion strategy, in which micelles or inverse micelles are used

to confine and control the coating of silica on core nanoparticles. The microemul-

sion approach can control the thickness of the silica shell wall coating so that the

stability and solubility of the formed magnetic nanoparticles in aqueous media

can, presumably, be tuned for different bio-applications. An example is discussed

Fig. 3.3. Structure of magnetite nanoparticles coated with PEG

and folic acid. (Adapted from Kohler et al. [64].)
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in Section 3.3 (Fig. 3.7 below) [75]. Core/shell magnetite/silica nanoparticles

were synthesized by a microemulsion approach and functionalized with protein

b-lactamase to promote hydrolysis.

Natural polymers and their derivatives have been widely utilized for coating

magnetic metal and metal oxide nanocore surfaces. In particular, natural bio-

polymers such as dextrans, proteins/peptides and PEG are usually the materials of

choice for the synthesis of core/shell magnetic nanoparticles designated for in vivo
applications. This is because such natural polymers are inexpensive and are known

to be nonimmunogenic and nonantigenic in the body. Natural polymers are

usually anchored onto the surfaces of magnetic metal oxide cores through carboxy-

late groups on their side chains. Section 3.4 includes detailed discussions and

examples of using these natural polymer-functionalized magnetic nanoparticles

for in vivo applications.

Tremendous research efforts have focused on the employment of synthetic poly-

mers for coating the surfaces of magnetic inorganic cores to generate core/shell

magnetic nanoparticles. For example, layer-by-layer deposition of charged polymers

onto the surfaces of magnetic inorganic cores in sequence has been reported [78].

Although progress has been made, the layer-by-layer assembly strategy has yet to

become the method of choice for coating very small, sub-20 nm magnetic nanopar-

ticle cores because of the curvature of nanoparticle surfaces and the mechanical

strength of the polymeric chains. Unfortunately, magnetic nanoparticles with an

overall dimension below 20 nm are usually preferred for some in vivo applications

due to their high tissue penetration capability and long blood circulation time [42,

43]. Here we focus on two alternative strategies that can potentially be utilized and

expanded for synthesizing magnetic nanoparticles of various sizes and shapes.

The first approach is to utilize surface-initiated polymerization to grow polymer

chains on the surface of inorganic cores. Free radical initiators are first immobi-

lized onto the surfaces of metal and metal oxide cores followed by polymer growth

outwards to give rise to a radius structure. Among many polymerization routes,

living free radical polymerization, especially atom transfer radical polymerization

(ATRP), has become the method of choice for the surface-initiated polymerization

synthesis of core/shell magnetic nanoparticles (Fig. 3.4) [79]. ATRP is a versatile

technique that offers several advantages over other polymerization routes, includ-

ing control over molecular weight and molecular weight distribution for the

synthesis of well-defined and complex macromolecular architectures of magnetic

nanoparticles [80]. For example, by manipulating reaction time and the concentra-

tion of polymerizable ligands in solution one can control the shell wall polymer

molecular weight and, thus, the thickness of the polymeric shell wall of core/shell

magnetic nanoparticles. ATRP also allows the polymers to be end-functionalized

or block copolymerized upon the addition of other monomers. Not only does this

feature offer tailorability of the polymer coating with various compositions and

functionalities, but also provides the platform for functionalization of the poly-

meric shell wall with bio-active functional groups. As a consequence, extensive

research has been carried out by many groups using ATRP for the synthesis of

core/shell polymer magnetic nanoparticles [79, 81, 82]. Our group has examined
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recently an ATRP method for the preparation of core/shell maghemite/polystyrene

nanocrystals (Fig. 3.4) [79]. Our inorganic cores have an average size of about

11 nm while the thickness of the crosslinked polystyrene shells were maintained

to only about 4.7 nm (Fig. 3.5). However, further work is needed to adapt ATRP

techniques for the synthesis of hydrophilic and water-soluble magnetic nano-

particles for biomedical applications. A recent paper from Armes [83] on the syn-

thesis of hydrophilic polymer-grafted ultrafine inorganic oxide particles suggested

that such water-soluble polymeric magnetic nanoparticles can potentially be

achieved through a different ATRP method.

Fig. 3.4. Surface-initiated ATRP synthesis of polymeric core/

shell nanoparticles using divinylbenzene (DVB) as a

crosslinking agent. (Reproduced by permission of the American

Chemical Society.)

Fig. 3.5. TEM micrograph of 10% DVB-

crosslinked Fe2O3/polystyrene core/shell

nanoparticles on a lacey carbon film coated

copper grid (300 mesh) consisting of woven-

mesh-like holes. The polystyrene shells are

visible at the edge of a hole. Dark spots on the

carbon film are Fe2O3 cores. (Reproduced by

permission of the American Chemical Society.)
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A second, extensively researched, approach to synthesizing polymeric core/shell

magnetic nanoparticles is to use pre-formed synthetic polymers as a matrix to con-

fine and control the formation of magnetic cores. For example, core/shell magnetic

nanoparticles have been produced by chemical co-precipitation of iron salts in an

aqueous solution of the poly(ethylene oxide) (PEO)/poly(propylene oxide) (PPO)–

poly(acrylic acid) (PAA) graft copolymers [84]. After magnetite nucleation begins,

carboxylic acid groups on the PAA backbone bind to the particle surface, limiting

the magnetic core growth. The bifunctional polymer shell is formed from the

hydrophilic PEO and hydrophobic PPO side chains in the graft copolymer. These

nanoparticles are stable and soluble in organic solutions. Similar magnetite nano-

particles coated with long poly(vinyl-N-alkylpyridinium) chains have also been syn-

thesized by this strategy [85]. Alkylated polyethylenamines made these materials

highly bactericidal toward both Gram-positive and Gram-negative pathogenic

bacteria. Other types of polymers such as poly(vinylpyrrolidone) [86, 87], poly-

lactide [88], poly(isopropylacrylamide) [89], polyacrylate [90], poly(methacrylate)

[91], poly(vinyl alcohol) [92] and polysiloxane block copolymers [93] have also been

reported as matrices for the synthesis of core/shell magnetic nanoparticles.

3.3

Functionalization of Magnetic Nanoparticles for Biochemical/Chemical Synthesis

of Therapeutic Drugs and Their Intermediates

Catalysts are widely used in pharmaceutical and chemical industries in producing

therapeutical drug molecules and their intermediates. Catalysts such as biocata-

lysts (enzymes) and metal catalysts (homogeneous and heterogeneous catalysts)

can promote organic and biological reactions that are otherwise too slow for indus-

trial standards. Recycling and reuse of industrial catalysts is particularly important

for cutting industrial operation costs and minimizing environmental pollutions,

especially when expensive and toxic heavy metals are used [94].

Recently, efforts have been directed towards the use of magnetic nanoparticles as

supports for immobilization of biocatalysts [75, 95, 96]. Core/shell magnetic nano-

particles are usually covalently attached with biocatalyst enzymes on their shell sur-

faces. Due to the small sizes of particles, nanoparticle-immobilized proteins are

usually soluble in aqueous buffers, which differs from other supports such as poly-

styrene beads, in which proteins are usually suspended in solution. The magnetic,

usually superparamagnetic cores will allow these biofunctionalized particles to be

magnetically concentrated with the assistance of an external magnetic field. This

could allow immobilized enzymes to be used repeatedly or continuously in various

reactors. Enzymes can be easily separated from soluble reaction products and un-

reacted substrates, thus simplifying work-up and preventing protein contamination

of the final products. This will also simplify the control of microbial contamination

in immobilized proteins.

Candida rugosa lipase (E.C.3.1.1.3) has been immobilized on maghemite nano-

particles with an average size of about 20G 10 nm (Fig. 3.6) [95]. A carboxylate
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group was used to anchor a 2-thiophene thiolate linker and the enzyme was chem-

ically bonded to the nanoparticle surface through a CbN bond using glutaralde-

hyde. The amount of immobilized enzyme was determined by standard BCA pro-

tein assays of the original lipase solution, the supernatants and washing solutions

after immobilization, respectively. The presence of protein on the surface of nano-

particles was also confirmed by AFM measurements of a small amount of the

enzyme-functionalized magnetic nanoparticles on a thin layer of glue deposited

on a steel disk. Enzymatic activity of the immobilized lipase was determined by fol-

lowing the ester cleavage of p-nitrophenol butyrate aqueous solution with UV spec-

troscopy. The enzymatic activity for Candida rugosa lipase immobilized on maghe-

mite nanoparticles was lower than that of the free enzymes, but the loss in activity

on nanoparticles was significantly lower than that reported for enzyme immobi-

lized on micrometer-sized polymeric beads using physisorption. The most signifi-

cant advantage of the nanoparticle-immobilized enzyme is its long-term stability.

The hybrid enzyme–nanoparticle composites showed only a @2% decrease in

activity over 14 days due to desorption or denaturation. This long-term stability

illustrates the advantages of attaching enzymes chemically to the nanoparticles.

A similar investigation was also reported recently using magnetic nanoparticles

for immobilization of b-lactamase I (Fig. 3.7) [75]. Here, a layer of silica coating

was placed on the surface of an iron oxide core. TEM images determined the aver-

age size inorganic core to be about 9.1 nm, with a silica shell of about 3.5 nm.

b-Lactamase I was immobilized onto the surface through glutaraldehyde and CbN

bonds. An assay evaluation, using a UV spectrometer, of active b-lactamase I on

nanoparticle composites was carried out at room temperature using phenoxyme-

thylpenicillin as the substrate in a buffer. The nanoparticle-immobilized enzyme

showed an activity of about 53.76% of that of the free enzyme in solution. How-

ever, a kinetic study has shown that the KM of the immobilized enzyme matches

well that of the parent free enzyme. This suggests that nanoparticle-immobilized

enzymes do not suffer from the mass-transfer problems frequently encountered

with insoluble supports used for immobilizing enzymes.

Fig. 3.6. Representative structure of magnetic nanoparticles

immobilized with Candida rugosa lipase. (Adapted from Dayal

[95].)

Fig. 3.7. Immobilization of enzyme b-lactamase I to core/shell

iron oxide/silica nanoparticles. (Adapted from Gao [75].)
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Other than biocatalysts, metal catalysts, especially homogeneous metal catalysts,

have also been immobilized onto the surfaces of core/shell magnetic nanoparticles.

Due to their small sizes, the solubility of magnetic nanoparticles in organic media

can be tuned by controlling the structure of organic and polymer coatings of nano-

particles. Such soluble supports could be magnetically concentrated and isolated

from reaction media by applying an external magnetic field. Magnetic nanopar-

ticles are an ideal soluble support, providing a unique solution to the problem of

recycling homogeneous catalysts in pharmaceutical and chemical industries. The

reader is referred to two recent papers in this emerging field [97, 98].

3.4

Functionalization of Magnetic Nanoparticles for In Vivo Bio-imaging, Drug Targeting

and Tumor Hyperthermia Treatments

Magnetic nanoparticles have been explored extensively as contrast agents for in
vivo magnetic resonance imaging (MRI), magnetic guides for drug targeting and

mediators for magnetic hyperthermia treatments of a large variety of diseases.

With proper coatings, superparamagnetic nanoparticles can interact with an exter-

nal magnetic field and deliver radiotherapeutic and chemotherapeutic agents to a

target area – minimizing the cytotoxicity of tumor therapeutic agents to healthy

body compartments. This is important in the treatment and diagnosis of certain

types of cancers due to, for example, their lack of specific tumor markers and the

presence of the blood–brain barrier (BBB). A further medical use of magnetic

nanoparticles is to utilize superparamagnetic nanoclusters as MRI contrast agents

for cancer diagnosis and detection. A third major in vivo application of magnetic

nanoparticles is magnetic hyperthermia therapy. Magnetic nanoparticles can be

made to resonantly respond to a time-varying magnetic field, with advantageous

results related to the transfer of energy from the exciting field to the nanoparticles.

This is utilized to make magnetic nanoparticles heat up, which leads to their use

as hyperthermia mediators, delivering toxic amounts of thermal energy to targeted

tumor cells.

Typical magnetic nanoparticles used in in vivo studies consist of a magnetic core

surrounded by a biocompatible polymeric coating. Iron oxide particles such as

magnetite or its oxidized form maghemite are by far the most commonly em-

ployed for in vivo applications. Highly magnetic materials such as cobalt and nickel

are toxic and susceptible to oxidation and hence are often overlooked for in vivo
biomedical applications. Iron oxide nanoparticles are physiologically well tolerated.

For example, dextran-magnetite has no measurable toxicity index LD50 [99–101].

This is partially because the body is designed to process excess iron. In the human

body iron is stored primarily in the core of the iron storage protein ferritin. Iron

contained in endosomes and lysosomes is metabolized into elemental iron and

oxygen by hydrolytic enzymes, where the iron joins normal body stores [101]. Iron

homeostasis is well controlled by adsorption, excretion and storage. As a conse-

quence, iron from iron nanoparticles in the body can be processed and iron oxide
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can be tolerated by the body. However, notably, iron has a rather limited bioavail-

ability, and in some situations it can also be toxic to cells [102].

In vivo applications require that these magnetic nanoparticles have a long-

circulating time in the body in order to reach the target sites [43] before being

eliminated from the blood circulation through clearance by the mononuclear

phagocyte system (MPS) [103]. The MPS, also known as the reticuloendothelial

system, is defined as the cell family consisting of bone marrow progenitors, blood

monocytes and tissue macrophages such as Kupffer cells in the liver. These macro-

phages are widely distributed and strategically placed in many tissues of the body

to recognize and clear senescent cells, invading microorganisms and particles

[104]. The first step of the clearance mechanism is the opsonization process. Opso-

nins, circulating plasma proteins, adsorb themselves spontaneously onto the sur-

face of an invading entity. Particles of different surface characteristics, size and

morphology attract different arrays of opsonins, which can interact with the spe-

cialized plasma membrane receptors on monocytes and macrophages [105]. Then,

endocytosis/phagocytosis of the particles by the circulating monocytes or the fixed

macrophages leads to the elimination of particles from circulation.

Previous studies of liposomes and polymeric nanoparticle systems have

shown that, among many surface factors, the size, surface charge density and

hydrophilicity/hydrophobicity have a profound effect on opsonization [43]. There-

fore, significant efforts have been directed at exploring various biocompatible coat-

ing materials to increase plasma half-life as long as possible in order to increase

the probability of reaching the desired targets in the body [106]. Neutral and hydro-

philic natural and synthetic polymers have become the materials of choice. For ex-

ample, dextrans have been frequently used for coating iron oxide nanocrystals [43].

Other biological macromolecules such as heparin and polysaccharides that comple-

ment regular proteins have also been investigated [107, 108]. Among synthetic

polymers, poloxamers, poloxamines and their block-copolymers increase their cir-

culation time [109, 110], and can potentially be utilized for coating iron oxide nano-

particle cores for this purpose. An alternative approach is to covalently anchor PEG

macromolecules onto the nanoparticle surfaces. PEG is an effective polymer for

suppressing the protein adsorption-opsonization process [65]. Immobilization of

PEG to drug carrier surface is well known in liposome drug delivery where PEG

macromolecules are conjugated to the surfaces of liposomes to improve their circu-

lation lifetime, bioavailability and decrease their immunogenicity [111]. Recent

successes using this PEG strategy in a quantum dots biodistribution study [112]

has offered the possibility of extending this method to other nanomaterials, includ-

ing iron oxide nanoparticles.

3.4.1

MR Imaging

Superparamagnetic nanoparticles represent a class of MRI contrast agents that are

usually referred to as T2 (transversal relaxation time) or T2
� contrast agents [113]

as opposed to T1 (longitudinal relaxation time) agents such as paramagnetic gado-
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linium chelates [114]. MRI is based on the NMR (nuclear magnetic resonance) sig-

nal of protons from water in tissues and organs through the combined effects of a

strong static magnetic field (B0) and a transverse radiofrequency field (rf field)

[115]. After rf excitation, hydrogen nuclei attempt to return to their ground states

through two independent relaxation processes: (1) longitudinal relaxation, which

is also called T1-recovery or ‘‘spin–lattice’’ relaxation; hydrogen atoms release the

previously absorbed energy to the surrounding tissue (lattice) in their attempt to

re-align with B0. (2) Transverse relaxation, also called T2 decay or ‘‘spin–spin’’ re-

laxation, which is due to the exchange of energy between spinning hydrogens in

tissues. MR images of biological tissues are constructed from relaxation data col-

lected by a computer applying a two-dimensional Fourier transformation to give

the amplitudes of NMR signals [116–118]. While, in many clinical situations, the

intrinsic differences in relaxivity (1=T) between tissues are small, exogenous

contrast agents can be utilized to improve greatly the diagnostic value of MRI for

a better delineation of tissues [100]. Gadolinium complexes are the most com-

monly used T1 contrast agents while superparamagnetic iron oxide nanoparticles

are FDA-approved T2 agents.

Depending on their size, colloidal iron oxide nanoparticles of magnetite (Fe3O4)

to maghemite (g-Fe2O3) are often called SPIO (superparamagnetic iron oxide) with

a particle size typically larger than 50 nm, and USPIO (ultra-small superparamag-

netic nanoparticles), with a dimension < 50 nm [6, 119]. Hydrophilic polymers

such as heparin [107], dextran [120], chitosan [121], starch [122], DNA [123], and

cyclodextrian [124] have been employed for coating the iron oxide cores. These

water-soluble macromolecules are employed to stabilize nanoclusters by preventing

aggregation of their inorganic cores and reduce opsonization process. However, the

structure of surface coating materials greatly influences the magnetic properties of

magnetic nanoparticles [45–50]. Adoption of different polymers for coating iron

oxide cores could significantly alter MR relaxation properties of the overall nano-

particle contrast agents [124].

Due to their size, SPIOs usually can be cleared out of the blood circulation and

accumulated in MPS organs very quickly, especially in liver and spleen [113, 125].

For example, about 80% of the injected SPIO doses were found in liver and 5–10%

in the spleen with a plasma half-life of less than 10 min [4]. As a consequence,

SPIOs can decrease the liver and spleen signals within several minutes after i.v.

administration, and this type of agent is usually used for liver and spleen imaging

[126–129]. USPIOs, however, are smaller than SPIOs. They usually have longer

plasma life, higher than 2 hours, and therefore remain in the blood long enough

to act as blood-pool agents for MR angiography [113]. Also because of their small

sizes, USPIOs can leak into the interstitium, where they can be accumulated in the

lymph nodes and thereby used for imaging lymphatic systems [130–135].

Progress has been made on the functionalization of core/shell magnetic nano-

particles for tissue/organ-specific in vivo imaging. Antibodies such as human poly-

clonal IgG and L6 antibodies have been physically adsorbed or covalently attached

to iron oxide nanoparticles [136–138]. Investigations in rodents revealed that
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antibodies led to a high concentration of magnetic nanoparticles at specific sites.

Recently, Moore has reported using a peptide [139] for the functionalization of

iron oxide nanoparticles for tissue-specific in vivo imaging. The synthetic peptide

EPPT1(YCAREPPTRTFAYWG) – a short fragment of the CDR3 Vh region of a

monoclonal antibody ASM2 – was covalently linked to the surface of aminated

crosslinked superparamagnetic iron oxide nanocomplexes (CLIO-NH2). CLIO-

NH2 consists of a core of superparamagnetic iron oxide and a crosslinked coating

of dextran with amino groups [140, 141]. EPPT1 peptide has significant affinity

towards under-glycosylated mucin-1 antigen (uMUC-1), which is overexpressed on

many cancer cell lines. A Cy5.5 dye was also immobilized onto the surface of

CLIO-NH2 as a near-infrared fluorescence optical probe. In vivo MRI and near-

infrared-imaging experiments on tumor-bearing mice showed specific accumula-

tion of the probe in uMUC-1-positive tumors and no signal in control tumors.

The high specific concentration of magnetic nanoparticles at the target sites was

due to the presence of EPPT1 peptide on the surface of dextran–iron oxide nano-

particles. Similar experiments using folate-labeled magnetic nanoparticles for in
vivo imaging of tumors with overexpressed folate receptors have also been reported

recently [142].

Cellular imaging has long attracted a great deal of research interest [143].

Studies using unfunctionalized iron oxide nanoparticles for labeling various types

of cell lines such as leukocytes, lymphocytes and monocytes for MR imaging of

cells have been reported [124, 144–146]. If a cell can be sufficiently loaded with

magnetic materials, then MRI can be adopted for use in cell tracking with a reso-

lution of 20–25 mm or higher, approaching the size of single cells [6]. However, cel-

lular uptake of dextran-coated iron oxide nanoparticles was low. Improvements are

still needed to increase the cellular uptake of magnetic nanoparticles. Recently,

progress has been made towards this goal for high-efficiency internal labeling of

large numbers of cells. Iron oxide nanoparticles with a HIV-1 tat peptide fragment

attached at the outer surface of their dextran coating (CLIO-NH2) increase the

cellular uptake of nanoparticles over 100-fold into lymphocytes when compared

to untagged particles [147, 148]. HIV-1 tat peptide carries a transmembrane and a

nuclear localization signal within its sequence and is, therefore, capable of translo-

cating exogenous nanoparticles into cells [149]. Folic acid has also been immobi-

lized onto iron oxide nanoparticles for targeting the folate receptor-bearing cells

[150, 151]. Folate-mediation internalized folate-labeled nanoparticles and increased

the cellular uptake of iron oxide nanoparticles that were used as contrast agents for

cellular imaging. Iron oxide nanoparticles functionalized with the C2 domain of

synaptotagmin I [152] and dendrimers [153] have also been synthesized and uti-

lized for MRI studies of cells. A further goal in this area is to exploit the use of

MRI techniques to image transgene expression. Research in this area has focused

on depicting the activity of endocytotic receptors for cellular uptake of functional-

ized iron oxide nanoparticles [154, 155]. A growing number of cell biologists, mo-

lecular biologists and experts in MRI are working together to develop techniques

for the in situ visualization of gene expression in living animals [143].
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3.4.2

Targeted Drug Delivery

Magnetic drug targeting has attracted a great deal of attention. This approach is an

alternative to antibody-directed drug targeting, offering additional advantages for

the treatment and diagnosis of certain types of cancers due to, for example, their

lack of specific tumor markers and presence of the BBB [156]. In vivo experiments

of magnetic drug targeting have usually been performed in rodents [157], but in-

vestigations using swine [158] and rabbits [159] have also been reported. Generally,

iron oxide cores are coated with silica, and polymers such as PVA and dextran. The

first clinical trials in humans with a magnetic drug targeting were reported by

Lübbe et al. [160, 161]. They used a ferrofluid (size about 100 nm) coated with

starch polymers and anionic phosphate groups for loading the drug epirubicin.

The shell phosphate group forms strong anionic interactions with the positively

charged amino sugars of epirubicin. During infusion and for 45 min afterwards, a

magnetic field was applied about less than 0.5 cm from the tumor site. It took

about only 30 min in half of the patients before the ferrofluids could be success-

fully directed to the tumors. Similar investigations using liposomes containing

magnetic nanoparticles and drugs have also been reported [162]. Magnetic drug

targeting has been employed to deliver cytotoxic drugs to brain tumors, which are

difficult to treat due to the BBB. Pulfer and Gallo demonstrated that particles

as large as 1–2 mm could be concentrated at the site of intracerebral rat glioma-2

tumors [156].

Despite early success, magnetic drug targeting still needs to be improved to

make it more effective. Limitations [161] include (1) difficulties in scaling up

from small rodent models to humans or large animals due to the requirement of

much stronger external magnetic fields; (2) the possibility of embolization of the

blood vessels in the target region due to accumulation of the magnetic carriers;

and (3) difficulties in controlling the release of drug molecules from carriers and

the molecular uptake of these therapeutic agents by tumor cells.

Some of the aforementioned limitations can be overcome if magnetic nano-

particle carriers are utilized for delivering radiotherapeutic agents for tumor radio-

therapy. In contrast to chemotherapeutical drugs, radioisotopes can be delivered

close to the tumor sites and exert their cytotoxicity over a defined, radioisotope-

dependent distance – the chelated metals do not need to be released from the

carriers so that they can bind to or enter the cells to be cytotoxic. The effectiveness

of this technique has been confirmed by several investigations using yttrium-90

[163] and rhenium-188 [164] in both animal and cell culture studies.

Arbab et al. have recently demonstrated the possibility of using iron oxide nano-

particles for delivering mesenchymal stem cells (MSCs) to a targeted area in an

animal model by applying an external magnet [165]. MSCs were labeled with iron

oxide nanoparticles and the resulting magnetic cell complexes were intravenously

injected into two groups of rats with or without a magnet placed over the livers.

Experiments showed that the external magnets influenced the movement of

labeled MSCs as higher iron concentration and increased labeled cell numbers
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were detected in rat livers with external magnets. These results demonstrated that

cells could be retained in the region of interest inside the body using magnetic

forces, and magnetic drug targeting can be utilized for in vivo delivery of stem

cells or genetically altered cells to the target sites.

A further area of interest in the use of targeted magnetic nanoparticles is in

the field of gene therapy. One of the impediments to successful gene therapy is

the inefficient delivery of genes because of low transfection efficiencies. This

can be addressed by using a viral vector carrying the therapeutic gene loaded on

magnetic carrier surface. An external magnetic field was applied to allow the viral

vector a longer of period of time in contact with the tissues, thereby increasing

the efficiency of gene transfection and expression [166–168]. Research in this area

has recently attracted a great deal of interest – a review article is listed here [169]

for interested readers.

3.4.3

Magnetic Hyperthermia

Magnetic hyperthermia is a promising form of cancer therapy aside from the well-

known methods of surgery, chemotherapy and radiotherapy [170, 171]. Magnetic

nanoparticles are used as mediators for magnetic hyperthermia. In broad terms,

magnetic hyperthermia involves dispersing magnetic particles through the tar-

geted tissue, and then applying an AC magnetic field of sufficient strength and

frequency to cause the particle to heat. This heat conducts into the immediately

surrounding diseased tissue. Hyperthermia treatment of cancers is based on obser-

vations that some cancer cells are more sensitive to temperatures in excess of 41 �C

than their normal healthy counterparts. Two kinds of heat treatment are currently

distinguished: mild hyperthermia is performed between 41 and 46 �C to stimulate

the immune response for non-specific immunotherapy of cancers, and thermo-

ablation between 46 and 56 �C for thermal destruction of tumors by direct cell

necrosis, coagulation or carbonization [170, 171].

Generally, two types of magnetic nanoparticles have been used for magnetic hy-

perthermia, via two different mechanisms: (a) heating of ferromagnetic nanopar-

ticles when exposed to a time varying magnetic field, which is essentially due to

hysteresis losses and Brownian relaxation losses of the particles; and (b) Brown

and Néel heating mechanisms that contribute to the heating of superparamagnetic

nanoparticles. The heating power of the particles is quantified as the specific ab-

sorption rate (SAR) and describes the energy amount converted into heat per time

and mass. Superparamagnetic nanoparticles usually give higher SAR than ferro-

magnetic nanoparticles because the hysteresis loop of ferromagnetic nanoparticles

can rarely be fully used because of physiological and technical restrictions on the

external field amplitude [4]. Consequently, dispersions of superparamagnetic

nanoparticles appear to be the most promising since they are used as ferrofluids.

This technique is termed magnetic fluid hyperthermia (MFH) [170]. However,

ferromagnetic nanoparticles remain potentially useful due to their Curie tempera-
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ture – providing one of the more powerful methods for controlling the maximal

temperature in vivo.
Maghemite nanoparticles encapsulated in polymer matrix beads have been

tested successfully for the treatment of macroscopic liver tumors [172, 173], which

were introduced through the arterial embolization method, taking advantage of the

fact that liver tumors take their blood supply from the hepatic arterial system. Such

beads appear to be safe and well-tolerated as there was no significant hepatic clear-

ance 28 days after injection [174]. Under inductive applicator conditions of 53 kHz

and 30 kA�1, an intratumoral temperature of 48 �C was reached after 5 min.

Smaller magnetic nanoparticles have also been investigated for magnetic hyper-

thermia. Magnetite nanoparticles from ferrofluids coated with dextran can be taken

up by carcinoma cells. However, cellular uptake of these dextran-iron oxide nano-

particles was low. To solve this problem, magnetic nanoparticles were coated with

aminosilane groups; in vitro cellular uptake of such nanoparticles in globlastoma

cells was found to be 1000� higher than for their dextran-magnetite counterparts

[175]. To further improve mediator uptake by cancer cells for better intracellular

hyperthermia treatment efficacy, monoclonal IgG antibody was immobilized onto

the surface of PEG-coated magnetite nanoparticles [176]. These particles exhibited

an improved in vitro specificity for cancer cells and, thus, higher cellular uptake

by tumor cells than non-functionalized PEG-magnetite nanoparticles. Similar

investigations using various antibodies and their fragments for labeling magneto-

liposomes have also been tested for improving the cellular uptake of magnetic

liposomes during hyperthermia experiments [177–179]. In vivo experiments were

performed by injecting these magnetic liposomes into the tumor-harboring mice.

Most of the mediators accumulated in the tumor tissue while the rest were distrib-

uted in liver and spleen. After these mice were exposed to an AC magnetic field,

the temperature of the tumor tissue increased and the growth of tumor usually

ceased over a period of time [177–179]. However, few studies have been reported

on the administration of mediators through i.v. injections. Functionalization of

magnetic nanoparticles for in vivo hyperthermia is still in its early stages. Collabo-

ration between materials scientists and hyperthermia experts is needed to further

develop this promising therapy.

3.5

Conclusions

This chapter has summarized recent advances in the synthesis of functional

biomolecule–magnetic nanoparticle hybrid systems. The uses of such biofunction-

alized nanoparticles for in vitro protein/cell isolation and immobilization of bio-

catalysts for drug synthesis as well as in vivo applications such as drug targeting,

MR imaging and hyperthermia therapies have been discussed. Nanometer-sized

magnetic particles have many advantages over their micrometer counterparts in

biomedical applications due to the unique physical, chemical and physiological

properties associated with their small dimensions. A combination of the unusual
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properties of nanomaterials and biomaterials provides a unique opportunity for

physicists, chemists, biologists, material scientists and experts from many other

fields to mold this new area of nanobiotechnology. Based on recent advances in

the field, exciting new science and novel systems can be anticipated from such an

interdisciplinary effort.
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3 Häfeli, U., Schütt, W., Teller, J.,

Zborowski, M. Scientific and Clinical
Applications of Magnetic Carriers,
Plenum, New York, 1996.

4 Mornet, S., Vasseur, S., Grasset, F.,

Duguet, E., Magnetic nanoparticle

design for medical diagnosis and

therapy. J. Mater. Chem. 2004, 14,
2161–2175.

5 Pankhurst, Q. A., Connolly, J.,

Jones, S. K., Dobson, J., Applications

of magnetic nanoparticles in

biomedicine. J. Phys. D: Appl. Phys.
2003, 36, R167–R181.

6 Berry, C. C., Curtis, A. S. G.,

Functionalisation of magnetic

nanoparticles for applications in

biomedicine. J. Phys. D: Appl. Phys.
2003, 36, R198–R206.

7 Bauer, L. A., Birenbaum, N. S.,

Meyer, G. J., Biological applications

of high aspect ratio nanoparticles. J.
Mater. Chem. 2004, 14, 517–526.

8 Katz, E., Willner, I., Integrated

nanoparticle-biomolecule hybrid

systems: synthesis, properties and

applications. Angew. Chem. Int. Ed.
2004, 43, 6042–6108.

9 Tartaj, P., Morales, M. D. P.,

Veintemillas-Verdaguer, S.,
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Westphal, F., Schümichen, C.,
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M. T., Desmaële, D., Hoebeke, J.,

Renoir, M., D’Angelo, J., Cattel, L.,

Couvreur, P., Design of folic-aid

nanoparticles for drug targeting. J.
Pharm. Sci. 2000, 11, 1452–1464.

152 Zhao, M., Beauregard, D. A.,

Loizou, L., Davletov, B., Brindle,

K. M., Non-invasive detection of

apoptosis using magnetic resonance

imaging and a targeted contrast agent.

Nat. Med. 2001, 7, 1241–1244.
153 Bulte, J. W., Douglas, T., Witwer,

B., Zhang, S. C., Strable, E., Lewis,

B. K., Zywicke, H., Miller, B., van

Gelderen, P., Moskowitz, B. M.,

Duncan, I. D., Frank, J. A.,

Magnetodendrimers allow endosomal

magnetic labeling and in vivo tracking

of stem cells. Nat. Biotechnol. 2001, 19,
1141–1147.

154 Hogemann, D., Josephson, L.,

Weissleder, R., Basilion, J. P.,

Improvement of MRI probes to allow

efficient detection of gene expression.

Bioconj. Chem. 2000, 11, 941–946.
155 Moore, A., Josephson, L., Bhorade,

R. M., Basilion, J. P., Weissleder, R.,

Human transferrin receptor gene as a

marker gene for MR imaging.

Radiology 2001, 221, 244–250.
156 Pulfer, S. K., Gallo, J. M. in

Scientific and Clinical Applications of
Magnetic Carriers, Häfeli, U., Schütt,
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4

Biofunctionalization of Gold Nanoparticles

Ming Zheng and Xueying Huang

4.1

Introduction

Gold (Au) as a precious material was first extracted in the 5th millennium bc [1].

The ‘‘soluble’’ gold, which we now call colloid gold, was developed around the 5th

or 4th century bc [1]. Even though several scientists studied the formation and syn-

thesis of colloid Au, such as using phosphorous in CS2 to reduce chloroaurate

(AuCl4
�) [2], colloid Au did not gain wide attention or became a subject of broad

interest in the scientific community until very recently, especially in the last de-

cade. The interest in such tiny Au particles partially arises from the commercial

and industrial needs for new, advanced materials. These particles are nanometer

size materials with unique optic, electronic, and magnetic properties. Macro-

biological molecules, also in the nanometer size range, possess functionalities

that enable recognition and self-assembly. The integration of nanoparticles and bi-

ological molecules is very attractive and has gained tremendous attention from aca-

demics and industry, because such a combination could create new materials for

electronics and optics, and lead to new applications in genomics, proteomics, and

biomedical and bioanalytical areas [3–8]. To be integrated with biological mole-

cules or be used in biological systems, Au nanoparticles (NPs) have to be soluble

in aqueous solution. This chapter, therefore, is mainly focused on the synthesis of

water-soluble Au NPs, their surface functionality and modification, and biologi-

cal applications. Section 4.2 reviews two general synthetic routes for obtaining

monolayer-protected Au nanoparticles. Examples of programmable assembly of

these particles using biomolecules, i.e. DNA and proteins, are covered in Section

4.3. The problem of nonspecific binding between nanoparticles and biomolecules

is discussed in Section 4.5. Finally, Section 4.6 reviews biological and biomedical

applications of Au nanoparticles.

4.2

General Synthetic Routes

Generally, Au nanoparticles are synthesized by reduction of aurate salts, usually

chloroaurate (AuCl4
�) with reducing agents, such as sodium borohydride (NaBH4),
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thiocyanate, phosphorus, citrate, ascorbic acid, and even ethyl alcohol [9]. The syn-

thesized Au NPs have particle sizes ranging from sub-nanometer, e.g. 0.8 to 80 nm

with their color changing from yellow-orange to red-purple to blue-green. The size

of Au NPs determines their unique optical and electronic properties. Au NPs syn-

thesized by the reduction of aurate salts are composed of an internal core of pure

Au that is surrounded by a surface layer of adsorbed AuCl2� ions [9]. These nega-

tively charged surfaces prevent Au NPs aggregating. However, these Au NPs are

very sensitive to their environmental factors such as pH, temperature, electrolytes,

and solvent. For these Au NPs to be utilized, a key issue is their surface chemistry

and functionalization that determine their stability, functionality and applications.

To solve this issue, various ligand-protected Au NPs have been synthesized re-

cently, mainly by direct synthesis and ligand exchange reaction.

4.2.1

Direct Synthesis of Ligand-protected Au NPs

In the past three decades, two major classes of ligand-protected Au NPs have been

developed. The first is phosphine-protected Au NPs, which were originally reported

by McPartlin et al. in 1969 [10] and then modified by Cariati et al. in 1971 [11].

Synthesis was achieved through reduction by NaBH4 of either an aurate salt, such

as HAuCl4 in the presence of triarylphosphine in a two-phase system of toluene

and water, or Au(L)X (here L is triarylphosphine and X is an anion, such as I�,

SCN�, or CN�) in an organic solvent such as ethanol. As AuaP bonding is very

weak the phosphine ligand could be easily replaced by other ligands. Apart from

being used as the starting materials for other functionalized Au NPs, phosphine

ligand-protected Au NPs have very limited use. The second class is thiol- or

amine-ended ligand-protected Au NPs, first developed by Brust et al. in 1994

[12]. In their initial report, Brust et al. synthesized toluene-stable dodecanethiol-

protected Au NP by using NaBH4 to reduce HAuCl4 in a two-phase system with

tetraoctylammonium bromide as the phase-transfer, [Fig. 4.1(route a)]. Subse-

quently, they developed a one-phase synthesis by using methanol as the reaction

solvent [13] [Fig. 4.1(route b)]. These Au NPs are mainly organic-soluble. Since

Fig. 4.1. Au NPs synthesized through a two-phase route (a) and a one-phase route (b).
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1998, this synthetic strategy has been extended, initially by Schaaff et al. [14] and

Murray et al. [15] and then by many other researchers, to the synthesis of various

water-soluble Au NPs. Compared with phosphine ligand-protected Au NPs, thio-

protected Au NPs have a much more stable AuaS bond, giving the nanoparticles

higher stability and wider utility.

A few authors have proposed a mechanism for the formation of the thiol mono-

layer on protected Au NP [12, 16, 17]. As shown in Eqs. (1) and (2), the electron-

rich thiol group (HSa) in RaSH reacts with AuCl4
� to form a polymer intermedi-

ate. The polymer is then reduced by BH4
� to form the nanoparticle.

AuCl4
� þHSR ! ðaAuISRaÞn ðpolymerÞ ð1Þ

ðaAuISRaÞn þ BH4
� ! AupðSRÞq ð2Þ

Although the synthetic methods developed by Brust et al. and Murray et al. provide

guidelines for preparing ligand-protected Au NPs, the details for NP formation,

such as solvent selection, control of nucleation and aggregation, are still not well

understood. There is still an element of art in the synthesis of a new ligand-

protected Au NP. Among various reaction conditions to be optimized, solvent

selection for the synthesis is especially important. This is demonstrated by the syn-

thesis of tetra(ethylene glycol) protected Au NP (AuaEG4) (Fig. 4.2). Foos et al. first

reported the synthesis of short ethylene oxide chain protected gold nanoparticles by

ligand exchange reaction [18]. The procedure involved synthesis of hexanethiol

(C6) protected gold nanoparticles followed by two steps of replacing C6 with ethyl-

ene glycol thiol molecules. Direct synthesis of ethylene glycol protected nanopar-

ticle was, unsuccessfully, also attempted by Foos et al. using published methods.

Bartz et al. synthesized AuaEG4 NP directly in aqueous phase with a very low mo-

lar ratio of reducing agent (NaBH4) and tetrachloroauric acid, resulting in partial

reduction [19]. With increasing amount of NaBH4, the reaction increased aggre-

gation. The yield was very low. We also synthesized AuaEGn (n ¼ 2–4) using

methanol as the solvent. The reagents HAuCl4 and EG4aSH, for example, were

dissolved in a mixture of methanol and acetic acid; a freshly prepared NaBH4

solution in methanol was then added with rapid stirring. AuaEG4 nanoparticles

formed as soon as the NaBH4 methanol solution was added. After purifying

and drying, the nanoparticle is readily redissolved in water to form a clear red/

purple solution. However, the yield is very low (>10%). No precipitation was ob-

Fig. 4.2. Schematic structures of tetra(ethylene glycol) and

thioalkylated oligo(ethylene glycol) protected Au NPs.
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served in the reaction mixture, meaning that the reduction reaction of HAuCl4
was not complete. The mechanism of partial reduction in methanol was not in-

vestigated. After many trials, we established a direct synthesis of ethylene glycol

[HSa(CH2CH2O)naCH3, n ¼ 2–4] protected gold nanoparticles in a mixed solvent

of methanol and water by utilizing the NaBH4 reduction method, with much im-

proved yield [20, 21]. The key for this synthesis is the control of water content

in the reaction mixture. A water content of 9–18% (v/v) is the optimum for the

formation of stable, water-soluble nanoparticles. Instead of AuaEG4, Brust et al.

successfully synthesized a thioalkylated oligo(ethylene glycol) ligand-protected Au

NP by using a mixed solvent of 2-propanol and methanol (Fig. 4.2) [22].

Even though the solvent effect on the synthesis of water-soluble nanoparticles

was not systematically investigated in our original work, the polarity and solubility

of the ligand are relevant to solvent selection for the synthesis. The solubility of

Au NPs is determined by the capping ligand. Capping ligands for preparing

water-soluble Au NPs can be classified into three categories: cationic, anionic, and

neutral based on the charge on the molecules. In view of synthetic conditions for

preparing Au NPs, we divide the capping ligands into different categories: strongly

ionic, weakly ionic, and neutral. Here we briefly review solvent selection in each

category of Au NP synthesis. Such a review should be beneficial as a reference for

synthesizing new ligand-protected Au NPs.

4.2.1.1 Strongly Ionic Ligand-protected Au NPs

For strongly ionic ligands, including strong cationic and strong anionic, water as

the single solvent is sufficient for synthesizing water-soluble nanoparticles. Exam-

ples include the synthesis of gold nanoparticles capped with coenzyme A [23],

N,N-trimethyl(undecylmercapto)ammonium [24], 5-mercapto-2-benzimidazole sul-

fonic acid sodium salt [25], and the zwitterionic ligand cysteine [26].

4.2.1.2 Weakly Ionic Ligand-protected Au NPs

For weakly ionic ligands, a mixture of water and a water-miscible organic solvent,

such as methanol, is usually used for the synthesis. Examples include the synthesis

of gold nanoparticles protected with tiopronin [14], glutathione (GSH) [15], and

mercaptosuccinic acid [27, 28]. In the synthesis of tiopronin-protected gold nano-

particles, using water as the only solvent leads to a water-insoluble product [14].

For the synthesis of GSH protected gold nanoparticle, a 2:3 water–methanol me-

dium is used to prevent uncontrolled reduction reaction [15]. Presumably, the ratio

of water to organic solvent in the mixed solvent system is related to the structure

and polarity of the ligand. When a weak anionic ligand is highly polar and water

soluble, water as the sole solvent could be sufficient for the synthesis of NPs. Ex-

amples include synthesis of Au NPs protected with meso-2,3-dimercaptosuccinic

acid [29], and l-cysteine [30].

4.2.1.3 Au NPs Protected with Neutral Ligands

A mixed solvent of water and a water-miscible organic, such as methanol or etha-

nol, is usually a good start to synthesize neutral ligand protected Au NPs. Neutral
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ligands for coating nanoparticles include ethylene glycol small molecules, as de-

scribed above, and poly(ethylene glycol) (PEG) molecules. With increasing units

of ethylene glycol from 2 to 4 to 70 [31], or aldehyde derivatized PEG (Mn ¼ 3090)

[32], the solvent used in the synthesis of nanoparticles changes from a mixture of

water and methanol to simply water. Sugar molecules and oligosaccharides are an-

other important type of water-soluble ligand. Glyco-Au NPs have been synthesized

in a mixed solvent of water and methanol [33–37]. Apparently, the solubility of the

ligand molecules plays a major role in choosing the right solvent for the synthesis.

Although the mechanistic reasons for this correlation are not clear, this summary

should nevertheless provide a useful guidance for the synthesis of new types of

water-soluble Au NPs.

4.2.2

Ligand Exchange Reaction

AuaX (X ¼ P, S, or N) is quite labile. This unique character can be utilized to syn-

thesize versatile surface functionality. One of the earliest examples, demonstrated

by Schmid et al., replaced the triarylphosphine ligand on Au NP with a sulfonated

triarylphosphine ligand [38]. Murray et al. pioneered the thiol ligand exchange re-

action [39], a general route for the preparation of ligand-protected Au NPs. Since

then, ligand exchange or SN2 reactions have been widely used for preparing nano-

particles protected with either a homogeneous monolayer or a heterogeneous

monolayer (also called mixed monolayer). Mixed monolayer protected Au NPs are

especially important because they are used most in applications in electrochemis-

try [40, 41], conductivity [42, 43], fluorescence [44, 45], biological bindings [46, 47],

and coatings [48]. Synthetically, the ligand replacement reaction has both advan-

tages and disadvantages compared with direct synthesis. Versatility is its biggest

advantage. By using ligand replacement reaction, various different mixed mono-

layer protected Au NPs can be synthesized that do not heavily depend on the na-

ture of the ligands and the reaction conditions. However, the ligand replacement

reaction certainly has several disadvantages. First, unlike direct synthesis, it is a

multi-step process. Secondly, for the preparation of mixed monolayer protected

Au NPs, it is difficult to control the number of ligands on a nanoparticle. The

composition of the mixed monolayer is essential and directly responsible for the

surface properties and interactions with the target molecules.

4.3

Preparative-scale Synthesis and Solution-phase Characterization of DNA-directed

Nanoparticle Assemblies

In the previous section, we reviewed synthetic strategies for preparing ligand-

protected Au NPs. These materials serve as building blocks for the assembly of

higher order nanoparticle structures that could be used for applications as well as

for fundamental studies. One assembly strategy involves using DNA molecules.
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DNA has the unique self-assembly capability, i.e. hybridization. In addition, DNA

is very hydrophilic and negatively charged. Unless the nanoparticles are positively

charged, there is not much nonspecific binding between DNA and nanoparticles.

Those two unique features have allowed many successful routes for the controlled

assembly of nanoparticles using DNA functionalized Au NPs. These include nano-

particle assemblies through either specific hybridization of a single strand DNA

attached on the nanoparticle [49, 50] or by electrostatic interaction of positively

charged nanoparticles with DNA molecules [51, 52]. In addition, Niemeyer et al.

have prepared nanoscale networks and aggregates using biotinylated DNA and

streptavidin [53, 54]. DNA functionalized nanoparticles have been used success-

fully for DNA detection and as biosensors [55, 56].

Bio-based assembly of nano-scale materials into higher order structures is an

active area of research. Previous studies by Alivisatos et al. [50, 57] and Mirkin

et al. [49, 58] have demonstrated the power of using DNA hybridization to assem-

ble nanoparticles into higher order structures. Work from Alivisatos et al. in partic-

ular has demonstrated the possibility of using DNA-directed assembly to make

small-scale finite nanoparticle complexes that resemble artificial molecules. These

structures may serve as model systems for studying nano-scale phenomena, and

have potential applications in nanoelectronic circuits, optoelectronics and bio-

sensors. One critical issue that needs to be addressed is the scale of the synthesis

of these nanoparticle-based artificial molecules. Also lacking is the direct solution

characterization of such assemblies, so that structure–function relationships can

be established for these artificial molecules. We describe here our methods for

solving the scaling-up problem, and the solution characterization of some simple

nanoparticle assemblies we have made.

For this study, we first developed ligand-protected Au NPs with high stability and

relatively uniform-size distributions. Following known synthetic routes, we have

made glutathione and tiopronin [N-(2-mercaptopropionyl)glycine] monolayer-

protected Au NPs [14, 59]. However, these particles, as synthesized, still have a

size distribution that is too broad for our subsequent assembly studies. We have,

thus, developed a non-solvent precipitation method as a very efficient way to frac-

tionate particles of different sizes to obtain highly monodispersed nanoparticles

[60]. By adding increasing amounts of either methanol or ethanol, particles of

larger to smaller sizes are precipitated out of solution. After centrifugation, par-

ticles of a particular size can be selected for further assembly. A typical example

for fractionation of Au-Tp NPs is given here. Au-Tp NPs (0.3 g) were dissolved in

50 mL of a 100 mm sodium chloride solution. The first fraction of the nanopar-

ticles was precipitated out by adding methanol to the nanoparticle solution to a

final content of 10% by volume. Nanoparticles were collected by centrifugation

at 4000 rpm for 1 min in a Sorvall2 RT7 PLUS centrifuge (Kendro Laboratory

Products, Newtown, CT). More methanol was then added to the supernatant to a

final content of 20% by volume and the precipitated nanoparticles were col-

lected as described above, as the second fraction, which was used for the following

experiments.

To label nanoparticles with single-stranded DNA (ssDNA), we chose the ligand
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replacement reaction described in Section 4.2. A typical example is as follows.

Single-stranded DNA (ssDNA) oligo nucleotides were purchased from Integrated

DNA Technologies, Inc. (Coralville, IA), with 5 0 C6 SH modification. Materials

were used as-received without further treatment. For this example, a ssDNA with

sequence AAA AAA GCG TGG GCG TGG GCG TGG GCG TGG GCG was used.

The gold particles had a concentration of 60 mm in H2O. To determine the optimal

ratio of Au-Tp vs. ssDNA for labeling reaction, a titration experiment was set up by

mixing appropriate amounts of Au-Tp, ssDNA, NaCl, and H2O (Table 4.1). Each

reaction was carried out in a 1.5 mL volume test tube. The reaction mixture was

incubated at 60 �C for 15 min and allowed to slowly cool to room temperature

over 30 min. Products were analyzed by gel electrophoresis using a 4% agarose/

Tris-Borate-EDTA (TBE) gel (BioWhittaker, Rockland, ME). The gel was immersed

in 1X TBE running buffer (89 mm Tris, 89 mm boric acid, 2 mm EDTA, pH 8.3),

and electrophoresis was carried out at a constant voltage of 90 V for 80 min in an

Horizon 58 gel box (Life Technologies, Rockville, MD). The gel image (Fig. 4.3A)

was recorded using a HP ScanJet 6300C scanner (Agilent Technologies, Wilming-

ton, DE). Lanes 1–6 correspond to reactions 1–6, respectively, in Table 4.1.

This experiment showed that Au particles with different numbers of ssDNAs

labels can be clearly resolved by a 4% agarose gel (Fig. 4.3A). As the ratio of ssDNA

vs. Au-Tp increases, more ssDNAs can be found on a particle. Thus, the stoichiom-

etry of ssDNA and Au-Tp can be used to control the average number of ssDNAs on

the surface of Au particles.

Due to the narrow size distribution of our nanoparticles, we were able to use

liquid chromatography to obtain Au particles with an exact number of ssDNAs

attached. After the labeling reaction, we separated reaction mixture with a size

exclusion gel filtration column. A typical example of the separation of Au NPs

with different numbers of single-stranded DNAs is given here. Here, the labeling

reaction was performed as follows: 400 mm ssDNA (986-ZF) (8 mL) and 1 m NaCl

(12 mL) were added to 100 mL of Au-Tp (60 mm). The reaction mixture was incu-

bated at 60 �C for 15 min and allowed to slowly cool to room temperature over

30 min. This mixture was then injected into a Superdex 200 gel filtration column

(Amersham Biosciences, Piscataway, NJ) mounted on a BioCAD/SPRINT HPLC

system (PerSeptive Biosystems, Framingham, MA), and eluted with 0.05 NaCl/

0.15 m NaHPO4 buffer (pH 7) at 0.5 mL min�1. The elution profile is shown in

Tab. 4.1. Stoichiometry for attaching ssDNA to Au NPs by using ligand replacement reaction

(volume unit ¼ mL).

Rxn 1 Rxn 2 Rxn 3 Rxn 4 Rxn 5 Rxn 6

Au-Tp (60 mm) 3 3 3 3 3 3

SsDNA (40 mm) 0 1 2 4 8 1.6 (400 mm)

NaCl (1 m) 1.5 1.5 1.5 1.5 1.5 1.5

H2O 10.5 9.5 8.5 6.5 2.5 8.9

Total (mL) 15 15 15 15 15 15
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Fig. 4.3. (A) Gel electrophoresis (4% agarose

gel) of gold nanoparticles reacted with

increasing amounts of ssDNA molecules

(Table 4.1). (B) Gel filtration separation and

subsequent gel electrophoresis of gold

nanoparticles labeled with different numbers of

ssDNA molecules. A Superdex 200 gel filtration

column (Amersham Biosciences, Piscataway,

NJ) mounted on a BioCAD/SPRINT HPLC

system (PerSeptive Biosystems, Framingham,

MA) was used. Elution was performed with

0.05 m NaCl/0.15 m NaHPO4 buffer (pH 7) at

0.5 mL min�1. Peaks 1–3 correspond to

nanoparticles labeled with 0, 1 and 2 ssDNA,

respectively. The gel image compares Au-Tp

(lane1), Au-Tp/ssDNA reaction mix (lane 2),

and the column fraction corresponding to peak

2 (lane 3).
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Fig. 4.3(B). Peaks 1–3 correspond to nanoparticles labeled with 0–2 ssDNA, respec-

tively. The gel image at the bottom of Fig. 4.3(B) compares Au-Tp (lane1), Au-Tp/

ssDNA reaction mix (lane 2), and the column fraction corresponding to peak 2

(lane 3). The gel mobility of the peak 2 fraction is consistent with the material

being a one-particle/one-ssDNA species. By following the above procedure, we have

labeled Au particles with two different ssDNA sequences that are complementary.

The hybridization reaction was then carried out by mixing these two types of

particles. The hybridization mixture was separated again by size exclusion gel fil-

tration. A typical elution profile is shown in Fig. 4.4(A). In addition to the major

product eluted in peak 2, side-products represented by peaks 1 and 3 are notice-

able. These arise from impurities in the starting materials, which contain a small

fraction of particles with 0, 2 and more ssDNA attached. Figure 4.4(B) shows a gel

image, comparing the Au-Tp/ssDNA reaction mix (lane 1), the hybridization reac-

tion mix (lane 2), and the column fraction corresponding to peak 2 in Fig. 4.4(A)

(lane 3). The gel mobility of the peak 2 fraction is consistent with it being a dimer

species. This material was analyzed by transmission electron microscopy (TEM)

[Fig. 4.5(A)]. Quantitatively, over 90% of the purified species is dimeric Au NPs.

Figure 4.5(B) provides an enlarged view of some dimer structures.

The synthetic procedure we have developed could be used to construct more

complex structures. As a demonstration, we have synthesized a triatomic structure

Fig. 4.4. (A) Gel filtration separation of a hybridization

reaction of ssDNA-labeled gold particles, with conditions

similar to those described in Fig. 4.3. (B) Gel electrophoresis of

the separated fractions from (A).
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involving hybridization of three ssDNAs, each of which contain two segments that

are complementary to part of the other two sequences (Fig. 4.6). Using the ligand

exchange reaction and size exclusion separation techniques described above, we

first obtained Au particles labeled with each of the three ssDNAs (lane 2 in Fig.

4.6). Hybridization between two types of Au particles labeled with two different

ssDNA yielded a two-particle assembly (lane 3 of Fig. 4.6). The complete trimer

structure (lane 4) was obtained by mixing the purified two-particle assembly with

third-type ssDNA labeled Au particles. TEM images of the purified final hybridiza-

tion mixture confirmed formation of the designed product.

Large-scale preparation has allowed us to measure directly solution structures of

nanoparticle assemblies by small angle X-ray scattering (SAXS). Previous studies

of nanoparticle assemblies have relied on TEM, which has the advantage of requir-

ing small samples. However, TEM is performed under vacuum conditions and the

projection nature of the TEM image prevents a direct measure of the geometric pa-

rameters of particle assembles. Large-scale synthesis allows us for the first time to

use solution methods to measure directly the geometry of nanoparticle assemblies

we have made. SAXS spectroscopy proved to be ideal for our Au nanoparticle com-

plexes, because of the large electron density on Au particles. We have measured

two dimer structures of different bond lengths (Fig. 4.7). Dimer A was constructed

with a 24 base pair long dsDNA with a C6 spacer on each side. Dimer B was sim-

ilarly constructed with a 33 base pair long DNA. The measured AuaAu separation

is 11.5 and 13.7 nm for dimers A and B, respectively. In both cases, the monomer

diameter, as measured by the position of the first peak, is 3.6 nm. Assuming

Fig. 4.5. TEM images of gold nanoparticle dimer structures prepared according to Fig. 4.4.
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the C6 spacer is 1 nm long and the diameter of Au particles is 3.6 nm, then from

the measured length of either dimer one obtains 0.246 nm bp�1 (dimer A) or

0.245 nm bp�1 (dimer B). However, C6 might be flexible, and the estimated 1 nm

might be a source of error. Thus, the base-separation parameter was also calcu-

lated by the length difference between the two dimers: the length difference of

2.2 nm between two dimers can be attributed to the 9 base pair difference. This

gives 0.244 nm bp�1, which is consistent with the previous estimation. Table 4.2

lists the derived structure parameters. To our surprise, the particle–particle separa-

tions in these dimer structures are consistent with the A- instead of the B-form

DNA structure (the latter is expected under normal physiological conditions).

Fig. 4.6. Gel electrophoresis and TEM image of gold particle

trimer structures prepared by the DNA hybridization process.

Lane 1 is from a DNA labeling reaction mixture. Lanes 2–4 are

monomeric, dimeric and trimeric Au particle complexes,

respectively.
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Fig. 4.7. SAXS measurements of two gold particle dimer

structures linked with different lengths of DNA. In the two data

plots, open circles are the experimental data, and the solid

lines are simulations using the parameters shown.
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In summary, we have established a simple yet effective way to make large quan-

tities of nanoparticle-based diatomic and triatomic artificial molecules. Monodis-

persed Au-Tp NPs are obtained through direct synthesis, followed by fractionation

using an alcohol precipitation procedure. Au-Tp particles with one DNA oligonu-

cleotide molecule per particle are obtained in large quantity by size exclusion chro-

matography. From these particles, simple diatomic and triatomic artificial mole-

cules are self-assembled through DNA hybridization reactions. Relatively large

quantities of pure diatomic and triatomic structure are obtained after fractionation

and purification by size exclusion chromatography, allowing for the first time

characterization of these structures in solution. SAXS data revealed that double-

stranded DNA bridging two gold nanoparticles adopts, unexpectedly, the A-type

conformation, illustrating the dramatic effect of environmental conditions on DNA

structures.

4.4

Bifunctional Proteins for Programmable Assembly of Nanoparticles

DNA hybridization is only one of many possible ways to assemble nanoparticles.

We have explored the possibility of using DNA as a template to define spatial loca-

tions for the assembly of nanoparticles. As one such way of using DNA, we sought

to create a protein that has bifunctionality: it would bind with high affinity and spe-

cificity to DNA as well as nanoparticles. Our approach is to create a fusion protein

composed of a DNA binding domain and a nanoparticle binding domain (Fig. 4.8).

There are many proteins that recognize a specific sequence of DNA. Transcrip-

tion factors involved in gene regulation possess such a property. We decided to

use the class of DNA binding proteins called Zn fingers, owing to their high bind-

ing affinity and specificity, and because many such proteins are available. Compar-

ison of the human genome sequence with a few other sequenced mammalian

species showed that the Zn finger domain is the most frequently observed protein

domain in mammalian cells [61, 62]. One can even evolve Zn finger proteins

to bind DNA sequences of one’s choice. A well-characterized Zn-finger protein

Zif268 [63, 64] was chosen here for demonstration. For the nanoparticle binding

domain, we chose well-characterized ligand binding protein domains to bind to

Tab. 4.2. Geometrical parameters of two Au particle dimers obtained by SAXS measurement.

Dimer Number of

base pairs

Expected AuxAu

separation (assuming

A-form DNA, 0.25 nm

per bp) (nm)

Expected AuxAu separation

(assuming B-form DNA,

0.34 nm per bp) (nm)

Measured

AuxAu separation

(nm)

A 24 11.6 13.8 11.5

B 33 13.9 16.8 13.7
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nanoparticles that are surface coated with the cognate ligands. The GST (gluta-

thione S-transferase)-GSH (glutathione) pair was chosen for demonstration (Fig.

4.8). We constructed the bifunctional protein following conventional molecular

biology protocol, overexpressed it in E. coli cells, and purified the protein using

GST affinity purification.

We performed a set of protein functional assays to demonstrate that, indeed, the

designed protein has bifunctional binding capabilities. The Zif268 DNA binding

site was defined by sequence 5 0-GCGTGGGCG-3 0. When the purified protein was

incubated with a DNA construct that contains multiple Zif268 binding sites, we

observed a clear band shift in a gel electrophoresis assay, indicating that the puri-

fied GST-Zif268 fusion protein binds to the target DNA sequence. Similarly, we

showed that the protein binds to GSH-modified Au NPs (Fig. 4.9).

Fig. 4.8. Design of bifunctional proteins to assemble nanoparticles onto DNA.

Fig. 4.9. Gel electrophoresis analysis of protein binding to Au-GSH particles.
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Evidence for the bifunctional binding activity was provided by an experiment

shown in Fig. 4.10(A) and 10(B). This is a gel shift assay on the purified GST-

Zif268 protein binding to both Au-GSH nanoparticles and DNA. Figure 4.10(A) is

a direct gel image, whereas Fig. 4.10(B) is the gel image under UV illumination,

indicating where the DNA band is located. As can be seen in Fig. 4.10, addition

of a piece of DNA that contains protein recognition sequence caused the protein–

particle complex to migrate at a different speed, and DNA co-migrated with Au

particles. These results indicate that the bifunctional protein can indeed direct par-

ticles onto DNA. However, we also noticed a problem in this system that limits the

efficiency of assembly by the bifunctional protein: the positively charged Zif268 has

a tendency to nonspecifically bind to the negatively charged Au-GSH nanoparticles.

Effectively, the Au-GSH particles compete with the DNA for the Zif268 binding

site, and reduce the efficiency of the intended assembly. Such a problem triggered

us to look into the general issue of nonspecific binding, which will be discussed in

detail in the next section.

4.5

Strategies for Eliminating Nonspecific Interactions and Enabling Specific Binding

with Biomolecules

It is very attractive to integrate nanoparticles with biological molecules such

as DNA, and proteins to create new materials for potential new applications in

Fig. 4.10. Gel electrophoresis analysis of GST-Zif268 and DNA

binding to Au-GSH particles. (A) Is a direct gel image, whereas

(B) is the gel image under UV illumination.
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electronics, optics, genomics, proteomics, and biomedical and bioanalytical areas.

However, for proteins, nonspecific binding could be a serious issue. Proteins are

much more complicated than DNA. They can be either hydrophobic or hydro-

philic, with either positive or negative charge, making it extremely challenging

to avoid nonspecific binding with nanoparticles. To fully utilize the potential of

protein–nanoparticle hybrids, we synthesized ethylene glycol monolayer protected

gold nanoparticles that are very stable in aqueous media and have complete resis-

tance to nonspecific bindings with proteins, DNA and RNA [20]. However, these

biologically inert nanoparticles do not provide functionality. To allow specific inter-

actions or bindings with biological entities, a specific binding functionality has to

be introduced onto the nanoparticles. For this purpose, we designed nanoparticles

protected with a mixed monolayer of an ethylene glycol molecule and a ligand. The

ethylene glycol short chains with well-defined lengths function as a shielding com-

ponent to minimize nonspecific interaction between nanoparticles and biological

molecules, whereas the ligand acts as a capture agent to engage biological mole-

cules specifically. To demonstrate this method, we prepared a Au NP protected

with a mixed monolayer of tri(ethylene glycol) and glutathione [Aua(SaEG3)nGSH]

by adding a reducing agent (NaBH4) to a mixture of HAuCl4, EG3aSH, GSH,

methanol and acetic acid in a one-step direct synthesis (Fig. 4.11). We discovered

Fig. 4.11. Reaction scheme for making (EG3aSa)/GSH mixed

monolayer protected nanoparticles.
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that in a one-step direct synthesis the water content in the reaction mixture was

critical for synthesizing Au NPs in high yield. The optimum water concentration

is 9–18%. This method also applies to the synthesis of other Au NPs protected

with a mixed monolayer in which ethylene glycol is the major component. The

synthesis utilized the optimum condition such that water for dissolving NaBH4

was added into the mixture of reagents to a final concentration of 12.5% (v/v).

Under this condition, the reaction went well and no precipitation was seen. The

yield was about 40%. The purified nanoparticles were very stable in pure water as

well as concentrated electrolyte solutions, such as 1.0 m aqueous NaCl. These

nanoparticles did not degrade after one-year storage in water.

In such a mixed monolayer protected Au NP system, GSH as a ligand molecule

enables specific binding to a target. However, GSH might also contribute to the

nonspecific binding. Thus, quantitative control of the ligand number or percentage

is crucial to achieve specific interaction. The feeding ratio of EG3aSH and GSH

is easily controlled in the direct synthesis approach, but the essential information

is the relative amount of EG3aSa and GSH on the nanoparticle surface, which is

directly responsible for the surface properties and interactions with the target mol-

ecules. To control the relative amount of the shielding component (EG3aSa) and

the capture component (SGH), we envisage two approaches. The first is to study

the relative reactivities of EG3aSH and GSH by synthesizing a series of Au NPs

with controlled feeding molar ratios of the shielding and capture components, fol-

lowed analysis of the surface composition. The measured surface composition can

be plotted against the feeding ratio to determine the relative reactivity of the shield-

ing and capture components, which could be used to control the surface composi-

tion. For example, we have used 1H NMR spectroscopy as an analytical tool for

measuring the surface composition of EG3aSa/tiopronin on Au NPs and deter-

mined that the EG3aSH is three times more reactive than tiopronin [59]. However,

in many cases of mixed monolayer protected Au NPs, it is not easy to determine an

accurate surface composition. In addition, NMR analysis is very tedious and needs

sophisticated equipment.

For most applications, accurate understanding of the surface composition might

not be necessary. The correlation of the feeding ratio of EG3aSH and the ligand

with the nanoparticle binding performance should be sufficient information to

design the synthesis of nanoparticle with only specific interactions. Based on this

consideration, we developed the second approach by using gel electrophoresis anal-

ysis to identify a critical feeding ratio for the nanoparticle to avoid nonspecific in-

teractions and in the meantime to provide maximum binding to a specific target.

We used Au(aSaEG3)nGSH as an example. With a constant ratio of HAuCl4 and

capping agents (EG3aSH and GSH) at 2.0, a series of nanoparticles were syn-

thesized with the feeding ratio of [EG3aSH]/[GSH] at 1, 4, 14, and 19, respec-

tively. Au(aSaEG3)4frGSH represents the nanoparticle synthesized when the feed-

ing ratio of [EG3aSH]/[GSH] ¼ 4. The charge density of Au(aSaEG3)nfrGSH

nanoparticles representing the surface density of GSH was characterized qualita-

tively with their migration speed in the gel electrophoresis [Fig. 4.12(a)]. Lane 1

is Au(aSaEG3)1frGSH nanoparticles with an EG3aSH/GSH feeding ratio of 1:1.
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Lanes 2–5 are the same amount of Au(aSaEG3)nfrGSH nanoparticles with

n ¼ 4, 14, 19, and pure AuaSaEG3, respectively. The migration speed of

Au(aSaEG3)nfrGSH nanoparticles decreased with decreasing percentage of GSH

on the nanoparticle surface. In the mixed monolayer of (EG3aSa)/GSH protected

gold nanoparticles, the major contribution for nonspecific binding is from the elec-

trostatic interaction introduced by GSH molecules. Therefore, a positively charged

protein lysozyme is a very good indicator for testing the nonspecific binding. Bind-

ing results for Aua(SaEG3)nGSH nanoparticles are shown in Fig. 4.12(b). Lanes 1,

3, and 5 are Au(aSaEG3)nfrGSH nanoparticles with n ¼ 1, 4, and 14, respectively.

Lanes 2, 4, and 6 are the same amount of Au(aSaEG3)nfrGSH nanoparticles with

n ¼ 1, 4, and 14, respectively, mixed with lysozyme. When the molar feeding per-

centage of GSH is less than 20%, (EG3aSa)/GSH mixed monolayer protected

nanoparticles have negligible binding with lysozyme. In this example, the ratio of

(EG3aSa)/GSH on the nanoparticle surface was not measured and is unknown.

The GSH molecule on the Au(aSaEG3)nGSH particle is a natural substrate for

the enzyme glutathione-S-transferase (GST). The GST–GSH binding pair thus pro-

vides an opportunity to demonstrate the specific binding between nanoparticles

Fig. 4.12. (a) Gel electrophoresis image

illustrating the migration of (EG3aSa)/GSH

mixed monolayer protected nanoparticles as a

function of feeding ratio of [EG3aSH]/[GSH]. A

4% agarose gel was used and run at 90 V for

40 min. Lanes 1–4 are Au(aSaEG3)nfrGSH with

n ¼ 1, 4, 14, and 19, respectively. Lane 5 is

the pure AuaSaEG3 nanoparticle. In all cases,

10 mL of Au particles at concentration of

50 mm were loaded onto the gel. (b) Gel

electrophoresis image of the nanoparticles

from Fig. 4.12(a) bonded with lysozyme. A 1%

agarose gel was used and run at 90 V for 20

min. Lanes 1, 3 and 5 are Au(aSaEG3)nfrGSH

with n ¼ 1, 4, and 14, respectively. Lanes 2, 4,

and 6 are the mixture of lysozyme and

Au(aSaEG3)nfrGSH with n ¼ 1, 4, and 14,

respectively. Protein binding reactions were

carried out by mixing 7 mL of 50 mm Au

nanoparticles with 7 mL of 1 mg mL�1

lysozyme solution for 10 min incubation time

at room temperature. (Reprinted with the

permission from Ref. [59], M. Zheng, X.

Huang, J. Am. Chem. Soc. 2004, 126, 12047–

12054. 8 2004 American Chemical Society.)
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and proteins under more common biological conditions (Fig. 4.13). From the

nonspecific binding tests for Au(aSaEG3)nfrGSH (Fig. 4.12) we saw negligible

binding with lysozyme when the nanoparticle [EG3aSH]/[GSH] feeding ratio is

at 4. Nanoparticles with feeding ratios of 9 and 14 were chosen for specific interac-

tion with GST protein. Figure 4.14 demonstrates that neither Au(aSaEG3)9frGSH

nor Au(aSaEG3)14frGSH bound to lysozyme (lanes 2 and 5, respectively), while

both particles migrated faster (lanes 3 and 6) after incubation with GST pro-

tein, indicating their specific interaction with GST. The faster migration of the

Au(aSaEG3)nfrGSH/GST complex is, presumably, due to the negative charge of

the GST protein (pI 6.2) in the pH 8 gel running buffer (TBE).

In summary, gel electrophoresis of the nanoparticles has been used to identify

the optimum feeding ratio of a capture ligand and EG3aSH at which the nanopar-

ticle enables maximum specific binding with a biological target without the inter-

ference of nonspecific interactions. This approach could be easily applied to other

nanoparticles protected with a mixed monolayer of an ethylene glycol molecule

and a ligand.

Fig. 4.13. Schematic of specific binding of GST protein to Au(aSaEG3)nGSH particles.

Fig. 4.14. Gel electrophoresis image

illustrating specific binding of

Au(aSaEG3)nfrGSH (n ¼ 9 and 14) with GST

protein. A 0.8% agarose gel was used and run

at 90 V for 20 min. Gold particles were

suspended in H2O with a concentration of

@50 mm. Lane 1 is 10 mL of Au(aSaEG3)9frGSH;

lanes 2 and 3 are the same amount of Au

particles incubated with 1 mL of lysozyme

(10 mg mL�1 in water) and 5 mL of GST

(0.5 mg mL�1 in water), respectively. Lanes 4–

6 are identical to lanes 1–3, except that

Au(aSaEG3)14frGSH was used. (Reprinted with

the permission from Ref. [59], M. Zheng, X.

Huang, J. Am. Chem. Soc. 2004, 126, 12047–
12054. 8 2004 American Chemical Society.)
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4.6

Biological Applications

Water-soluble Au NPs have numerous applications in biology, medicine, catalysis,

electronics, and optics. Here, we briefly review current efforts towards biological

applications, which can be divided into subjects relating to nucleic acids, proteins,

and cells and viruses.

4.6.1

Nucleic Acids

Mirkin et al. first demonstrated the Au NP color change from red to blue when two

complementary strands of DNA on two different Au NPs hybridize to form a NP

aggregate [49]. Mirkin et al. further discovered that the Au NP aggregate could be

converted back into individual Au NPs by heating the NP aggregate to dehybridize

DNA, and that this was a reversible process in solution [65]. When a multilayer of

Au NPs was formed on a glass substrate by hybridization of DNA attached on the

NPs, a sharp response of plasma resonance intensity to temperature was observed

[66]. Based on these fundamental discoveries, Reichert et al. developed a chip-

based optical detection of DNA through hybridization of the surface-immobilized

capture probe oligonucleotide and the target probe attached on Au NPs [67]. Storh-

off et al. developed an easy ‘‘spot-and-read’’ colorimetric detection method for

highly sensitive DNA detection [68]. Mirkin et al., furthermore, developed a multi-

plexed detection of DNA targets in a microchip format with the detection limit as

low as 20 femtomolar [56]. Such a high detection sensitivity was achieved by apply-

ing a thin Ag coating to the surface of DNA hybridized Au NPs and then using

surface-enhanced Raman spectroscopy (SERS) as the detection tool. By developing

a magnetically-induced solid-state electrochemical detection method instead of

SERS, Wang et al. achieved a DNA detection limit at the level of @1.2 fmol [69].

Another DNA detection method utilizes the ability of Au NP to quench fluores-

cence, which happens when a Au NP (2–3 nm) is in relatively close contact with a

fluorophore (1–2 nm range), due to non-radioactive energy transfer from the ex-

cited fluorophore to Au NP [70]. This method employs a single stranded DNA

with one end attached to an Au NP and the other end to a fluorophore to form a

constrained loop DNA structure. When the DNA molecule on the Au NP hybrid-

izes with a target ssDNA, the probe DNA loop on the Au NP opens and the fluo-

rophore lights up. Based on this method, researchers have developed single-

mismatch detection for oligonucleotides [70, 71]. Using DNA hybridization, Au

NPs have also been assembled on the surface of carbon nanotubes [72].

4.6.2

Proteins

Unlike DNA, which is very hydrophilic and negatively charged, proteins are much

more complicated. They can be either hydrophobic or hydrophilic, with either pos-
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itive or negative charge. In addition, nonspecific binding can be a serious issue.

Unsurprisingly, therefore, applications of Au NPs with proteins have been far less

developed than with DNA. However, several published papers deal with the inter-

actions between nanoparticles and proteins, and applications in protein detection

[73, 74], enzyme inhibition [75, 76], biosensor [77–79], nano-domain structure

control [80, 81], and control of the nonspecific interaction of nanoparticles with

proteins [59]. The interaction between Au NPs and proteins has been studied ex-

tensively. Examples include controlling the orientation of cytochrome c on Au NPs

[82] and maintaining the enzymatic activity of fungal protease on Au NPs [83]. For

protein detection, Thanh et al. [74] used antigen-coated Au NPs to detect anti-

bodies by measuring the Au NP plasmon resonance shift induced by the aggrega-

tion of Au NPs. The detection limit could reach 1 mg mL�1. Mirkin et al. [77] used

DNA hybridization to attach antigens to Au NPs and to then detect antibodies by

a colorimetric scanner with a detection limit of @20 nm. This group also capped

oligonucleotide-Raman dye conjugated molecules on Au NPs, attached antigens

through hybridization, and then detected antibodies by using SERS [78]. Mirkin’s

methods are suited for the detection of multiple proteins. In a different approach,

Willner et al. [79] developed an amplified optical detection of thrombin by using

the binding between aptamer attached Au NPs and adsorbed thrombin on aptamer

functionalized surface (detection limit at 2 nm). In the area of enzyme inhibition,

Rotello et al. have developed anionically functionalized, amphiphilic Au NPs to

efficiently inhibit chymotrypsin through electrostatic interaction [75, 76]. They

further demonstrated that Au NPs functionalized with alkanethiol-tetra(ethylene

glycol) acetic acid bind to chymotrypsin, and the enzyme on the Au NP surface re-

tains its activity and exhibits pronounced substrate chemoselectivity [84]. To build

controlled Au NP structured materials, functionalized double stranded DNA has

been used as a template to assemble protein attached Au NPs through the interac-

tion between biotin bound on DNA and streptavidin on Au NP [80]. Enzymes,

such as bacterial DNA methyltransferases could be used to manipulate the struc-

ture of DNA molecules linked with Au NPs, thus resulting in control of the dis-

tance between Au NPs [81]. In a biosensor application, Lu et al. demonstrated a

colorimetric lead biosensor by using DNAzyme-directed assembly of Au NPs [85,

86]. The unique features of this method are its high speed (@10 min) and high

sensitivity (@100 nm for Pbþ2).

4.6.3

Cells and Virus

Functionalized Au NPs have many attractive properties. They are nanometer in

size, and may have various functional ligands on the surface. These special proper-

ties provide them with many possible modes of interaction with biological cells,

such as specific binding to the cell membrane and penetration through the mem-

brane to interact with biological molecules inside a cell or virus. For example,

carbohydrate-functionalized Au NPs have been developed to explore their multiva-

lent interactions with cell membrane surfaces, such as lectins [87]. These studies
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could have potential applications in lectin detection, control of cell fertilization,

proliferation, viral infection, and inflammatory response. Dragnea et al. incorpo-

rated citrate-protected Au NPs inside brome mosaic virus and used them as a spec-

troscopic marker that could open up new opportunities for in vivo monitoring of

viral capsid transitions [88].
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Biofunctionalization of Phospholipid Polymer

Nanoparticles

Junji Watanabe, Jongwon Park, Tomomi Ito, Madoka Takai, and

Kazuhiko Ishihara

5.1

Introduction

Recently, our interest in biomaterials has shifted to nanobiomaterials, which is

integrated with nanofabrication. Nano-scaled fabrication is based on molecular as-

semblies such as micelles, self-assembled monolayers, and supramolecular com-

pounds [1–8]. Also, many kinds of nano-scaled devices, such as bio-chips and

nanoparticles, have been proposed and designed [9–17]. Nano-scaled chemistry

and nanofabrication focus on chemical reactions and sensing. The most fascinat-

ing phenomena, chemical reactions, are created in a nano-scaled world, but are

never carried out on an ordinary scale. In these nano-scaled devices, the bio-

interface property is the dominant factor in providing excellent performance. To

enhance biofunctionalization it is most important for the nano-scaled device to

suppress non-specific protein adsorption since the surface is exposed to many bio-

logical components; blood, serum, and cells. Few researchers have understood the

importance of materials in the design of biointerfaces and bioconjugations on the

nanoscale [18–21]. This chapter summarizes newly engineered materials using

bioinspired phospholipid polymer chemistry for biofunctionalization, with particu-

lar focus on phospholipid polymer nanoparticles for molecular diagnosis. Phos-

pholipid polymers are available in numerous situations for specific biomaterials

[22–25], and could function as a molecular machine [26–28]. Ishihara et al. pro-

posed a fundamental concept for the synthesis of phospholipid polymers in the

early 1990s [29, 30]. Now, we easily purchase many kinds of products containing

phospholipid polymer – cosmetics, eye care products, textile goods, and fine chem-

icals for advanced bioreactions – which were designed through collaborations be-

tween Professor Ishihara and industrial companies. This is typical process and

development – from laboratory materials to commercial products. The developed

phospholipid polymer synthesis has been recognized world-wide, and much work

has been reported subsequently (see Ref. [31] for an excellent review). Further

research into nanofabrication may well provide us with a better ‘‘quality of life’’ –
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perhaps especially when the design of biomaterials is based on phospholipid

polymers.

5.2

Nanofabrication for Biomedical Applications

Nanoparticles are a good substrate for bioconjugation. They have (a) a relatively

high specific surface area, (b) good dispersivity in aqueous media, and (c) can be

combined with nano-processed bio-chips. These characteristics can be used in a

wide variety of applications, e.g. medical diagnosis, drug delivery carriers for target-

ing, micro-total analysis systems, and biosensors [32–35]. The most important fac-

tor in improving the nanoparticles is the enhancement of specificity to the target

biomolecule such as antigen, substrate, and DNA (i.e. selectivity), and the suppres-

sion of non-specific interactions (sensitivity). Thus, bioinspired phospholipid poly-

mers are key materials in the research on and development of nanoparticles.

5.2.1

Nano-scaled Processing

Nanoparticles are a promising architecture for analyzing chemical species and pro-

viding a dynamic response. Many kinds of nanoparticles with unique structures

have been prepared; Mori et al. have reported hybrid nanoparticles composed of a

polymer shell with a silica core [36–38]. The polymer shell was carefully designed

by the use of atom transfer radical polymerization, forming a hyperbranched struc-

ture. The nanoparticles showed reversible pH-induced complexations in a polyelec-

trolyte. Nanoparticles based on silica can be designed with unique structures, for

easy dissolution by hydrogen fluoride. Kamata et al. have fabricated a core-shell

spherical colloid with a hollow interior [39]. The hollow colloid provides a small

container, in which a gold particle was trapped. The colloid particle, with its mov-

able core, resembles a bell. The nanoparticles reported above could not be applied

as advanced biomedical materials in their present form. However, suitable prepara-

tive techniques for biofunctionalization should soon be available.

Vertegel et al. have examined the size effect on the stabilization of immobilized

enzyme by using silica nanoparticles (particle size 4–100 nm) [40]. Their report

is impressive and important in terms of expressing biofunctions effectively. For

enzyme immobilization, stronger protein–particle interactions exist on larger

nanoparticles, resulting in multipoint immobilizations. The immobilized enzymes

show less enzymatic activity. Akashi et al. have synthesized directly core-corona

nanoparticles (one-pot preparation), which consist of a hydrophobic core and hy-

drophilic corona, by using water-soluble macromonomers [41, 42]. The key item

is the water-soluble macromonomer; a typical example was reported using a meth-

acrylate monomer containing a methoxy-terminated poly(ethylene glycol) side

chain. The water-soluble segment was enriched spontaneously at the interface be-

tween the hydrophobic core and water, thus stabilizing the interfacial energy. The
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preparative conditions are easily changeable to prepare many kinds of nanopar-

ticles with core-corona morphology. Recently, lectin-conjugated nanoparticles have

been prepared for the purpose of detecting the HIV virus [42]. From human se-

rum, the virus is easily captured, and the nanoparticles formed in a precipitation.

Caldwell et al. evaluated surface coverage by the immobilization of biomolecules;

in particular, oligonucleotides were attached to polystyrene-based nanoparticles

[43]. A number of the attached oligonucleotides were evaluated using the sedimen-

tation field flow fractionation technique (a type of chromatography). This character-

ization technique is a powerful tool for estimating surface conditions: a number of

functional groups, active linkage for bioconjugation, immobilized proteins, and

binding target molecules in each step.

5.2.2

Key Materials for Nanofabrication

We have proposed recently the assembly of phospholipids polar group on nanopar-

ticles. Nanoparticles are generally unstable as colloid particles in aqueous media. A

hydrophilic moiety and ionic groups are incorporated onto the surface to prepare

the interface. One unusual interface is the cell membrane, which is composed of

phospholipid molecules, glycoproteins, and channel-forming proteins. It provides

not only division between the cytoplasm and the outer environment but also allows

communication via antenna molecules and channels. Ishihara et al. have designed

and synthesized a novel functional monomer with a phospholipid polar group, 2-

methacryloyloxyethyl phosphorylcholine (MPC, Fig. 5.1), in order to fabricate the

cell membrane structure as a biointerface [29–31]. MPC (methacrylate derivative)

easily polymerized with any kind of acrylate and methacrylate monomers by con-

ventional radical, living radical, and atom transfer radical polymerizations [44–

47]. Finely designed polymers with phospholipid polar groups were easily prepared

by these polymerization techniques. The phospholipid polymer could form the cell

membrane-like interface using coating, polymer blending, and polymer graft tech-

niques [48–53]. A typical phospholipid polymer is copolymerized with n-butyl
methacrylate (BMA); the phospholipid polymer-coated surface is illustrated in Fig.

5.2. The phospholipid polymer provided a very bio-inert interface; in particular, a

non-specific interactive biointerface was obtained on diverse materials, and many

biomedical devices have been developed using phospholipid polymer technology

[22–25]. The stability of the phospholipid polymer-modified enzyme was also sig-

nificantly prolonged in comparison with the native enzyme [26–28]. Furthermore,

Fig. 5.1. Chemical structure of 2-methacryloyloxyethyl phosphorylcholine (MPC).
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the phospholipid polymer spontaneously formed nano-structured aggregations, in-

dicating amphiphilic and surfactant-like properties [54]. Employment of a polymer-

based biomimetic surface is a promising approach to prepare nano-scaled devices

for biofunctionalization.

5.3

Design of Bioconjugate Nanoparticles

Bioconjugate nanoparticles have contributed to the development of advanced bio-

medical research. Nano-scaled materials are both available and very interesting.

The most favorable characteristics of the nanoparticles are their ability to form

fine, stable dispersions in aqueous media, the ease in which immobilized biomole-

cules can be located, and their relatively large surface area.

5.3.1

Bioconjugate Phospholipid Polymer

The phospholipid polymer was designed for bioconjugation with biomolecules

such as proteins, peptides, and DNA. We have synthesized a functional monomer

– a p-nitrophenyloxycarbonyl poly(oxyethylene) methacrylate (MEONP) – having

an active ester linkage for bioconjugation [55]. MPC, MEONP, n-butyl methacry-

late (BMA) were copolymerized to prepare the bioconjugate phospholipid poly-

mer (PMBN, Fig. 5.3) by a conventional radical polymerization technique with

2,2 0-azobisisobutyronitrile as an initiator. This polymer serves two functions –

suppression of non-specific adsorption from the human body and the connection

of biomolecules via an active ester group. Table 5.1 shows typical synthetic results.

Two kinds of the phospholipid polymers were prepared with regards to solubility

in water. The MPC unit is highly hydrophilic, so the solubility was changeable by

MPC unit composition. Below 30 mol% of MPC unit, the phospholipid polymer

could not dissolve in water but did so in ethanol. The water-insoluble polymer pro-

vided a stable biointerface for capillary electrophoresis [56]. A bioconjugate phos-

pholipid polymer having 40 mol% of MPC could easily dissolve in water; 2 mol%

of active ester groups were incorporated.

5.3.2

Solution Properties by Fluorescence Probe

The fluorescence probe sodium 1-anilinonaphthalene-8-sulfonate (ANS) is used as

an indicator for the estimation of polarity in hydrophobic environments, showing a

maximum fluorescence at 515 nm (lEM) in water and 475 nm (lEM) in n-butyl alco-
hol [excitation at 370 nm (lEX)]. The maximum fluorescence wavelength depended

on various environmental conditions. For example, it is possible to estimate micro-

environment factors such as change in higher-ordered conformation in proteins.

Generally, amphiphilic polymers spontaneously aggregate in an aqueous media.
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We evaluated the change in the maximum fluorescence wavelength by ANS. Fig-

ure 5.4 indicates that the maximum wavelength shifted upon increasing the poly-

mer concentration. Above 0.1 mg mL�1 of polymer, the wavelength was below

480 nm, indicating that the ANS molecule is trapped in lower polarity. The change

in maximum wavelength showed that the phospholipid polymer spontaneously

formed aggregates, indicating that it could form hydrophobic domains in a water

Fig. 5.3. Chemical structure of active ester monomer

(MEONP) formed using p-nitrophenyl chloroformate (a) and

the bioconjugate phospholipid polymer (PMBN) (b) derived

from the copolymerization of MPC, BMA and MEONP. The

average number of oxyethylene units was 4.5.

Tab. 5.1. Synthetic results of bioconjugate phospholipid polymers.

Monomer unit composition (mol%)

In feed In copolymer [a]

MPC/BMA/MEONP MPC/BMA/MEONP

Time

(h)

Yield

(%)

MW
[b] Solubility

in water [c]

PMBN30 30/65/5 27/61/12 6 – 3:8� 104 �
PMBN40 40/55/5 36/62/2 3 77 6:2� 104 þþ

[Monomer] ¼ 1:0 mol L�1, [AIBN] ¼ 10 mmol L�1

Reaction temperature 60 �C.

Precipitated by Diethyl ether/chloroform (8:2).
aDetermined by 1H NMR.
bDetermined by GPC in water/methanol (3:7), PEO standard.
cSolubility described as soluble (þþ) and insoluble (�).
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environment. Therefore, phase-separated organic solvent containing polymer as

core materials of the nanoparticles was stably dispersed in the phospholipid poly-

mer aqueous solution as an emulsion, and the interface on the emulsion covered

with the phospholipid polymer was then prepared. The ANS test confirmed

that the phospholipid polymer aggregated in water above a concentration of

0.1 mg mL�1, and could therefore be employed as an emulsifier and a surface

modifier for nanoparticles.

5.3.3

Bioconjugate Nanoparticles

Bioconjugate nanoparticles have been prepared by solvent evaporation methods for

the systematic design of core materials – polystyrene (PS) as a conventional poly-

mer and poly(l-lactic acid) (PLA) as a biodegradable polymer. According to the mo-

lecular design of the bioconjugate phospholipid polymer, the hydrophobic chains,

n-butyl groups, were considered to penetrate on the surface of nanoparticles. The

phospholipid polar groups and active ester groups, which formed domains, were

concentrated at the nanoparticle surface to stabilize the interface, and the p-
nitrophenyl ester groups can freely conjugate with biomolecules (Fig. 5.5). In this

section, we examine whether the characteristics of nanoparticles would alter by

changing the core materials. As core polymer materials, PLA and PS were used to

prepare PMBN/PLA or PMBN/PS nanoparticles by a solvent evaporation technique

in aqueous medium [55, 57, 58]. In this process, the PMBN was utilized as

an emulsifier, and the polymer concentration regulated the average diameter of

the nanoparticles. The diameter decreased with increasing initial concentration of

PMBN. Typical preparative concentrations of PMBN, PLA, and PS were 1.0, 10

Fig. 5.4. Change in maximum fluorescence wavelength caused

by phospholipid polymer aggregation (lEX ¼ 370 nm).
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and 10 mg mL�1, respectively. The surface of the nanoparticles was characterized

by X-ray photoelectron spectroscopy (XPS), surface z-potential, dynamic light

scattering (DLS), scanning electron microscopy (SEM), and determination of active

ester groups.

5.3.4

Surface Elemental Analysis by X-ray Photoelectron Spectroscopy

Surface analysis of the PMBN/PLA nanoparticles was carried out with XPS to

estimate the phospholipid polar groups on the surface. Figure 5.6 shows the XPS

spectra of C1s, O1s, N1s, and P2p on the surface of the PMBN nanoparticles. From

the XPS analysis, OaCaO and CbO peaks from the phospholipid polymer were

observed at 287.0 and 289.0 eV, respectively. Furthermore, a small broad peak

attributed to an aromatic group based on the p-nitrophenyl ester group was also

observed at 291.5 eV. Additionally, N1s and P2p peaks attributed to choline methyl

(403.0 eV) and phosphate ester (134.0 eV) were observed. Moreover, the PMBN/PS

nanoparticle was also characterized (Fig. 5.6). These results strongly indicated that

the interface on the PMBN/PLA and PMBN/PS nanoparticles was covered with

phospholipid polar groups and p-nitrophenyl ester groups.

5.3.5

Surface z-Potential on Nanoparticles

As an alternative characterization, surface z-potential was measured to estimate the

coverage of the bioconjugate phospholipid polymer. The phospholipid polar group

contains a quaternary choline methyl group (cation) and a phosphate ester group

(anion). Their ions form an intramolecular ion pair; therefore, their charge is neu-

tralized [59]. If the nanoparticles were covered with phospholipid polymers, the

z-potential on the surface would be roughly 0 mV. That is why the z-potential was

Fig. 5.5. Schematic illustration of bioconjugate phospholipid polymer nanoparticles.
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measured for the phospholipid polymer coverage. The z-potential of the PMBN/

PLA and PMBN/PS nanoparticles were �2:1G 3 mV and �2:3G 2 mV, respec-

tively. The obtained z-potential is almost the same ratio and roughly 0 mV, as we

expected. Farokhzad et al. reported a bioconjugate polymer nanoparticle composed

Fig. 5.6. X-ray photoelectron spectra of PMBN/PLA

nanoparticles (a) and PMBN/PS nanoparticles (b).
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of aptamers for targeting drug delivery to prostate cancer cells. The polymer used

was PLA-block-poly(ethylene glycol) (PEG) with a terminal carboxylic group (PLA-

PEG-COOH) [60]. According to the report, the z-potential of the PLA-PEG-COOH

was �50G 3 mV, and of the PLA bare particle was �24G 5 mV. This indicates

that the surface potential was significantly shifted to a more negative charge than

the unmodified PLA nanoparticles, as a result of surface modification. Veronesi

et al. reported that vanilloid (VR1) receptors on the cell membrane were activated

by membrane depolarization, which is induced by charged polystyrene nanopar-

ticles [61]. The acid-sensitive ionic channels could be activated by the electrostatic

charge carried on chemically modified particles: neutral polystyrene nanoparticles

(particle size: 750 nm), negative polystyrene nanoparticles (having carboxyl groups)

(particle size: 860 nm), and positive polystyrene nanoparticles (having diamino

groups) (particle size: 850 nm). The z-potential of each nanoparticle was �55

(neutral), �88 (carboxyl), and �23 (diamino) mV, respectively. From their reports,

the nanoparticles showed a negative charge to maintain stability by electrostatic

repulsion. For nanoparticles covered with the phospholipid polymer, the surface

charge was nearly neutral, because it formed intramolecular ion pairs in phosphor-

ylcholine groups. From the z-potential results, the phosphorylcholine groups were

assembled on the nanoparticles.

5.3.6

Particle Size by Dynamic Light Scattering and Morphology by Scanning Electron

Microscope

The particle size and size distribution of phospholipid polymer nanoparticles have

been determined by dynamic light scattering measurements (DLS). The concentra-

tion of PMBN/PLA and PMBN/PS nanoparticles was 2.5 mg mL�1. The size distri-

bution of the nanoparticles is shown in Fig. 5.7. The particle size of PMBN/PLA

was 270G 100 nm, and that of PMBN/PS was 320G 100 nm. It is considered

that these two particles have almost the same diameter with monodispersity. The

miscibility between the phospholipid polymer and core polymer materials was

slightly different; the PLA core is a little superior to the PS core material. Monodis-

persed nanoparticles were easily, and in large quantities, prepared by an emulsion

technique.

The particle size of the phospholipid polymer nanoparticles was observed using

a scanning electron microscope (SEM). Figure 5.7 shows SEM pictures of the

nanoparticles. From this result, the size of the PMBN/PLA and PMBN/PS nano-

particle were seen to be approximately similar, showing good agreement with the

DLS measurement. Particle morphology was quite good, with a spherical form.

Generally, the nanoparticle was utilized up to 100 mg mL�1. Bioreactions were

carried out in a 96-well multiplate, providing a maximum volume of 300 mL. To

prepare nanoparticles in large quantities (mg scale), several kinds of bioreaction

and biofunctionalizations can be fully designed at a laboratory level. With our

emulsion technique, preparative conditions can easily be scaled-up, and the nano-

particles can then be produced on an industrial scale.
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5.3.7

Determination of Active Ester Groups on Nanoparticles

Biomolecules can be quite easily immobilized on phospholipid polymer nanopar-

ticles. A protein-bound amino group could, for example, couple to the ester groups

on the polymer under physiological conditions, producing p-nitrophenol as a leav-

ing group (Fig. 5.8). The bioconjugate reaction is accelerated under weak alkaline

conditions. The conversion is easily estimated by the released p-nitrophenol.
To quantify the active ester groups on the phospholipid polymer nanoparticles,

NaOH aqueous solution (0.1 mol L�1) was added to each suspension of PMBN/

PLA and PMBN/PS for complete hydrolysis of the active ester groups. The released

p-nitrophenol was detected by UV measurement at 400 nm. The molar extinction

coefficient of the p-nitrophenol was calculated as e400 ¼ 1:8� 104 L mol�1 cm�1.

Figure 5.9 shows the change in UV spectra of PMBN/PLA nanoparticles after and

before hydrolysis. From this result, the active ester groups on the PMBN/PLA

nanoparticles were estimated as 1:0� 10�9 mol (mg-nanoparticle)�1. Thus, an

active ester group exists on the PMBN/PLA nanoparticles, and the amount of

such groups on PMBN/PS nanoparticles was roughly the same as on PMBN/PLA

nanoparticles. The p-nitrophenyl ester groups, which could connect with the amino

Fig. 5.7. Size distribution by dynamic light scattering of

PMBN/PLA (a) and PMBN/PS (b) nanoparticles, and scanning

electron microscope pictures of PMBN/PLA (c) and PMBN/PS

(d) nanoparticles.
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groups on the proteins, were at the surface of the nanoparticles. Therefore, the

interface of the PMBN/PLA and PMBN/PS nanoparticles was covered with active

ester groups as well as phospholipid polar groups.

5.4

Biofunction on Nanoparticles

One biofunctional enzyme reaction has been evaluated on phospholipid polymer

nanoparticles. In addition, a sequential enzymatic reaction has also been designed.

The most favorable characteristic is the local concentration of enzyme on the nano-

particles. An increase in this local concentration is effective for valuable and rare

biomolecules.

5.4.1

Design of Sequential Enzymatic Reaction

We have recently proposed a novel signal amplified diagnosis system using a se-

quential enzymatic reaction on nanoparticles. The nanoparticles are composed of

a phospholipid polymer with active ester groups and polystyrene core. The ampli-

fied signal was evaluated by using choline oxidase and peroxidase, which were co-

immobilized onto the nanoparticles. The choline oxidase reacts with choline chlo-

ride, producing hydrogen peroxide that is used as a substrate in the next enzymatic

reaction by peroxidase. In this sequential reaction, the amount of tetramethylben-

zidine is evaluated by change in absorbance, for the single enzymatic reaction

(peroxidase) and/or sequential enzymatic reaction (choline oxidase and peroxidase)

(see below for more details).

Fig. 5.9. UV spectra of p-nitrophenol (abs. 400 nm) before

(dashed line) and after (solid line) hydrolysis of PMBN/PLA or

PMBN/PS nanoparticles in 0.1 m NaOH aqueous solution.
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5.4.2

Amplified Signal on Nanoparticles

The active ester group on the nanoparticles is labile to the primary amino group,

affording a carbamate linkage for bioconjugation. We have already estimated the

conversion of the active ester linkage; 40% of the active ester linkage was converted

by a reaction with proteins [58]. Two kinds of enzymes, choline oxidase and perox-

idase, were co-immobilized onto the surface, and the sequential enzymatic reaction

was then evaluated. The combination of the enzymes displayed communication via

the degradation product (hydrogen peroxide) (Fig. 5.10). As a substrate, choline

chloride (Cho), tetramethylbenzidine (TMBZ), and hydrogen peroxide (H2O2)

were used. The Cho was oxidized by the choline oxidase, and H2O2 was newly

produced as a degradation product. The produced H2O2 was used for the next

enzymatic reaction; the oxidation of TMBZ by peroxidase. The H2O2, which was

originally added to the media, could also be used as substrate.

Two kinds of protocol regarding the enzymatic reaction were examined: (a)

TMBZ and H2O2 were added to the suspension and (b) Cho was added to the sus-

pension with TMBZ and H2O2 (TMBZ/Cho). With protocol (a), only the enzymatic

activity of the peroxidase was evaluated. However, newly produced H2O2 would en-

hance the sequential enzymatic reaction [protocol (b)]. The result of the enzymatic

reaction was evaluated by the change in absorbance at 450 nm (Fig. 5.11). Enzy-

matic reaction on the nanoparticles was significantly greater than that of a simple

enzyme solution, when TMBZ was added as the substrate. The total amount of en-

zymes in the enzyme solution was larger than that of the immobilized enzyme on

the nanoparticles, because the concentration of the enzymes in the solution was

the same as the feed concentration for the preparation of the enzyme-immobilized

nanoparticles. Taking the total amount of the enzyme concentration into account,

choline oxidase and peroxidase were considered to be locally concentrated on the

particle surface in comparison with the solution.

Fig. 5.10. Scheme of sequential enzymatic reactions via degradation product.
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The sequential enzymatic reaction was also compared. The change in absorb-

ance increased with addition of TMBZ/Cho, which was twice as large as that of

the addition of only TMBZ. The increased enzymatic activity was considered to be

based on choline oxidase, and the produced H2O2 was effectively free to move to its

binding site at the substrate. Initially, sufficient H2O2 was added to the media to

promote the enzymatic reaction; therefore, the increased enzymatic reaction was

caused by H2O2 newly produced by choline oxidase. With nanoparticles, the en-

zymes, choline oxidase and peroxidase, were closely immobilized onto the nano-

particles; therefore, the diffusion pathway of the produced H2O2 was significantly

shorter than that in solution. Thus, the produced H2O2 was differed from the orig-

inally added H2O2, which needed a long pathway to react with the peroxidase. Con-

versely, no significant difference in the enzyme solution was observed between the

single reaction (TMBZ) and the sequential reaction (TMBZ/Cho). This indicated

that the reaction with peroxidase proceeded through a single reaction, even if Cho

was added to the media.

5.5

Application for Molecular Diagnosis

Recently, molecular diagnosis using bioconjugate nanoparticles has focused on the

biomedical field. The obtained S/N ratio (signal/noise) generally decreased due to

non-specific protein adsorption under physiological conditions. In this section we

introduce a hyper-sensitive C-reactive protein detection system using the phospho-

lipid polymer nanoparticles.

5.5.1

Example of C-reactive Protein Detection Using Nanoparticles

The C-reactive protein (CRP) is synthesized by the liver in response to interleukin-

6 and is well known as one of the classical acute-phase reactants and as a marker of

Fig. 5.11. Characterization of enzymatic reaction by changing substrate addition.
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inflammation. For some time, the measurement of CRP concentration has been

used as a clinical bio-marker for monitoring autoimmune diseases and infectious

processes, such as rheumatoid arthritis. It has recently been suggested that a

marker of inflammation, along with serum cholesterol, are critical components in

the development and progression of atherosclerosis [62, 63]. However, the prospect

of using CRP as a predictor of future vascular risks faced a large obstacle because

existing conventional assay methods were neither sensitive enough to detect very

low-levels of CRP in serum nor concerned about problems of non-specific protein

adsorption and denaturation of conjugated biomolecules [64, 65]. Among con-

ventional analytical methods, immunoassay, which uses the specific affinity of

antigen–antibody, has been considered as a useful technique for clinical analyses

and medical diagnostics [66]. Major progress in the use of immunoassay principles

occurred with the development of several fundamental techniques [67]. Among

several methods, immunoagglutination using colloidal particles has been widely

used because of its rapid, simple, and inexpensive properties [68, 69]. There have

been many innovations in diagnostics since microsphere agglutination was first

used in medical diagnosis as agglutination-based tests in the late 1950s [70]. Al-

though various types of colloidal particles (e.g., latex, gold, sol, and polymeric par-

ticles) have been introduced to immobilize the biorecognition element (e.g., anti-

body, DNA, etc.) for immunoagglutination, the latex particle, prepared by emulsion

polymerizations, has been widely used in the diagnostics of various infections and

to detect biomarkers or some chemical compounds in biological fluids [71]. How-

ever, several problems need to be addressed to produce a sensitive and reliable

immunoassay. For example, for medical diagnostics such as CRP detection, latex

particles suffered from non-specific binding, which originated from plasma pro-

teins in serum, because of its highly hydrophobic surface. Also, the immobilized

biomolecule became denatured and inactivated when it was physically adsorbed

on the latex particle surface despite several advantages of immunoagglutination.

These findings reduced the sensitivity, and thus the reliability, of the diagnostics.

To address these challenges, we prepared novel nanoparticles as immunoagglutina-

tion substrates based on our phospholipid polymer that had already solved existing

problems.

The nanoparticles were prepared by the solvent evaporation technique under the

systematic design of PMBN/PLA. According to the molecular design of PMBN, the

PMBN chains, particularly n-butyl group, were considered to miscibly interpene-

trate on the surface of PLA particle. The MPC domains were arranged at the sur-

face owing to hydrophilicity, and then the p-nitrophenyl ester groups, which can be

conjugated with biomolecules, were also freely arranged toward the outside. Mono-

dispersion of the PMBN/PLA (d ¼ 205G 43 nm) measured by DLS was confirmed

by field emission scanning electron microscopy (FE-SEM) [Fig. 5.12(a)]. Addition-

ally, the z-potential of PMBN/PLA (�5.6 mV by electrophoresis light scattering

measurement) indicated a slightly negatively charged surface. Biocomponents,

including the plasma proteins, commonly have a slightly negative charge. There-

fore, PMBN/PLA with a large negative z-potential must suffer from non-specific

protein binding when it is used as an immunosensing tool. MPC-PNP was ex-
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pected to show biocompatibility against non-specific binding of the plasma pro-

teins with a slightly negatively charged surface, caused by arrangement of phos-

phorylcholine groups that were regarded as important to reduce protein adsorp-

tion, on PMBN/PLA.

PMBN/PLA can bind with biomolecules such as antibodies because it has p-
nitrophenyl ester groups on its surface. Through a condensation reaction between

amino groups of the antibody and p-nitrophenyl ester groups, the anti-CRP mono-

clonal antibody was immobilized on the MPC-PNP. For optimization, a fluorescent

probe (Alexa Fluor 488, Molecular Probes, USA) labeled anti-CRP antibody

was used to determine accurately the amount of antibody on PMBN/PLA. The im-

mobilized amount of antibody was measured directly and calculated from the

fluorescence intensity after immobilization. On the basis of experimental results,

100 mg mL�1 of anti-CRP antibody was regarded as the optimal concentration

for immobilization on PMBN/PLA. The remaining p-nitrophenyl ester groups

Fig. 5.12. SEM observations of anti-CRP antibody-immobilized

PMBN/PLA nanoparticles: magnified view (a), normal view (b)

and agglutination by antigen (c).
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on the surface were thoroughly blocked by 20 mm glycine. The z-potential of the

PMBN/PLA (�25.3 mV) was further decreased after antibody immobilization

because the antibody has a negative charge.

After preparation of the anti-CRP antibody immobilized PMBN/PLA, it was ap-

plied to detect serum-free CRP by the immunoagglutination method. Figure 5.12

also indicates FE-SEM photographs of the immunoagglutination at an initial state

(b) and after aggregation (c). The immunoagglutination of PMBN/PLA was clearly

successfully achieved by specific antigen–antibody binding. Following the confir-

mation of immunoagglutination, the dependency for serum-free CRP concentra-

tion was investigated with the anti-CRP antibody immobilized PMBN/PLA and

commercially available polystyrene nanoparticles. The increase in optical density

was investigated to evaluate the degree of immunoagglutination when agglutina-

tion occurred among particles. To avoid interference of light absorbance into anti-

body molecules, the optical density was measured at 570 nm when immunoagglu-

tination was thoroughly performed for 90 min at 37 �C.

Figure 5.13 shows the calibration curves for serum-free CRP by PMBN/PLA and

polystyrene nanoparticles. For PMBN/PLA, the calibration curve clearly had a lin-

ear correlation for serum-free CRP concentrations (from 0.01 to 10 mg dL�1); poly-

styrene nanoparticles, however, had a limited linearity (from 0.1 to 10 mg dL�1).

The difference between the two calibration curves might be related to the resis-

tance of protein adsorption on the surface of particles. With polystyrene nanopar-

ticles, it could be that antigen–antibody binding did not occur and, instead, non-

specific adsorption of CRP took place that affected the detection results. Overall,

for polystyrene nanoparticles it was difficult to detect CRP at low concentrations al-

though non-specific adsorption could be ignored at high concentrations because of

the high response from antigen–antibody binding. Conversely, low concentrations

Fig. 5.13. Standard calibration curve for

serum-free CRP obtained from the change

in optical density at 570 nm when the

immunoagglutination among anti-CRP

antibody conjugated PMBN/PLA nanoparticles

(i) and conventional polystyrene nanoparticles

(a) was completed following each serum-free

CRP injected.
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of CRP could be detected by PMBN/PLA because there were no problems with

non-specific binding of CRP. From successfully obtained calibration curves, CRP

detection was investigated with CRP in serum; the previous calibration curves in

Fig. 5.13 were considered as standard calibration curves for CRP.

5.5.2

High-performance Diagnosis in Serum

Figure 5.14 indicates the change in optical density of serum-containing particles

with CRP concentrations in serum. These were compared with standard calibra-

tion curves to consider non-specific binding from plasma proteins in serum. Ad-

sorption of plasma proteins, such as BSA and g-globulin, in serum on the particles

might induce the agglutination of particles, and this non-specific agglutination

would be a major problem for reliable CRP detection. As shown in Fig. 5.14, poly-

styrene nanoparticles gave a quite different standard curve because non-specific

agglutination occurred, resulting in plasma protein adsorption. This phenomenon

could also be explained by particle preparation parameters such as ionic strength

and hydrophobicity. However, the calibration curve was almost identical when

PMBN/PLA was used to detect the CRP in serum. Thus, non-specific binding of

plasma proteins rarely occurred on the MPC-PNP, and highly sensitive and reliable

CRP diagnostics could be obtained. Normally, the detection limit for CRP was

below 0.06 mg dL�1 for medical diagnostics. Furthermore, with infants, much

lower detection limits are required to detect CRP. The MPC-PNP fully satisfied

the requirement for CRP detection.

To determine their thermal stability, anti-CRP antibody immobilized PMBN/PLA

Fig. 5.14. Consideration of the regulating effect of non-specific

binding from plasma proteins in human serum by comparing

the calibration curves for serum-free CRP and CRP in serum;

PMBN/PLA nanoparticles (i) and conventional polystyrene

nanoparticles (a).
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and polystyrene nanoparticles were stored at 55 �C for 2 h, and were then used to

detect serum-free CRP under the same conditions as for the determination of the

standard calibration curves. Figure 5.15 shows the calibration curve for serum-free

CRP obtained after this treatment. From the figure, the calibration curve of the

PMBN/PLA was almost the same as the standard curve. However, the polystyrene

nanoparticles gave a very different curve, indicating that anti-CRP antibody immo-

bilized on polystyrene nanoparticles was denatured by the high temperature treat-

ment and almost lost its selectivity for CRP. However, for PMBN/PLA, the immo-

bilized antibody was clearly not influenced by the increase in temperature.

The resistance of protein adsorption and suppression of antibody denaturation

on PMBN/PLA might be related to the hydration state of the phosphorylcholine

groups. The following concept is generally accepted when considering protein ad-

sorption on a polymer substrate [72]. Water molecules bind to the hydrophobic

part of the polymer through van der Waals forces. These bound water molecules

cause protein adsorption by hydrophobic interaction. When a protein molecule is

adsorbed on a polymer surface, the water molecules between proteins and the poly-

mer need to be replaced. This phenomenon induces a much stronger interaction

with a change in the denaturation of the proteins. If the water at the surface is in

a similar state to bulk water, the protein does not need to release bound water mol-

ecules even if the protein molecules are in contact with the surface. Under the hy-

pothesis concerning the effect of water states, our group has previously analyzed

the water state of hydrated MPC polymers, and recognized that the water state on

the MPC polymer surface is naturally maintained [73, 74]. For PMBN/PLA, this

hypothesis can also be used to explain several experimental results because its sur-

Fig. 5.15. Remaining immunologic activities of conjugated

anti-CRP antibody on PMBN/PLA nanoparticles and

conventional polystyrene NP; the calibration curves for

serum-free CRP were obtained after 2 h storage 55 �C;
PMBN/PLA nanoparticles (i) and conventional polystyrene

nanoparticles (a).
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face was successfully covered with MPC units. Furthermore, as additional proof of

the hypothesis, the colloidal stability of the PMBN/PLA was also explained. Gener-

ally, colloidal stability can be achieved in two ways: (a) the particles can be given an

electric charge (either positive or negative) and if all have the same charge they will

repel one another more or less strongly when they approach; (b) the particles can

be coated with an adsorbed layer of some material (say a polymer), which itself pre-

vents their close approach. Although the PMBN/PLA did not correspond to either

situation it has good colloidal stability – as indicated in the FE-SEM picture for ini-

tial colloidal states [Fig. 5.12(a)]. On the basis of our hypothesis, it was strongly

solvated with water molecules, and polar groups like bound water molecules resist

coagulation among the PMBN/PLA nanoparticles.

5.6

Conclusions

Nanofabrication is a promising technique that opens up a new scientific field,

integrating biochemistry, bioscience, material science, polymer chemistry, and

nano-scaled processing. Under the nano-scale environment, surface properties

(biointerface) are dominant factors and, thereby, regulate biofunctions. In partic-

ular, non-specific protein adsorption is a typical phenomenon in nanofabrication.

A series of phospholipid polymers are good candidates for nanofabrication involv-

ing biofunctionalization.
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Biofunctionalization of Metallic Nanoparticles

and Microarrays for Biomolecular Detection

Grit Festag, Uwe Klenz, Thomas Henkel, Andrea Csáki, and

Wolfgang Fritzsche

6.1

Introduction

Characterization of molecular interactions represents a core technology for today’s

biomedical research. The specific binding of bioactive compounds to certain patho-

gens, the discovery of novel pathways in the cell, or the early detection of low num-

bers of disease-related molecules are examples of the wide application of biomolec-

ular detection. With the ongoing elucidation of the molecular bases for life

processes, a further demand for testing the presence and, eventually, the quantity

of molecules of interest is expected. One interesting development is the field of

point-of-care (POC) diagnostics that describes the application of biomolecular de-

tection outside the dedicated laboratory and near the patient, such as in the medi-

cal practice. Other applications with similar technical requirements are, for exam-

ple, the testing for toxic organisms in food processing factories or the detection of

pathogens in air conditioning systems. This set of applications requires a highly

robust technology, both regarding a minimized maintenance and stability against

users not trained as laboratory personnel. It includes a signal that is easily trans-

formed into results, without the need for user input or extended processing. The

decentralized character of this approach asks for cost-efficiency of detection equip-

ment that has to be provided in large quantity. The resulting need for miniaturiza-

tion is matched by the general development towards minimal sample liquid

volume. Although sample holders with several thousands of detection sites have

been described already for gene expression chips, typical analytical questions for

POC diagnostics will be limited to a handful of parallel tests. Moreover, the

highly-developed fluorescence readers needed for the readout of expression chips

are hardly suitable for POC applications due to their high costs and complicated

detection setup.

What measurement principles are best suited for this novel field in bioanalytics?

The demonstration of DNA-conjugated metal nanoparticles [1, 2] was the starting

point for a novel family of detection techniques based on these particles. These par-

ticles allowed for various elegant detection schemes with sensitivities comparable

or even better than for fluorescence-based assays. Surprisingly, the – in comparison
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to fluorescent dyes – large mass of the particles does not interfere with the specif-

icity of the binding of the conjugated molecules. In certain applications they even

enhance the specificity compared with fluorescence assays [3].

This chapter describes the application of biofunctionalized nanoparticles for

biomolecular detections. The first section describes application aspects, including

typical assay formats, array fabrication, and the numerous detection schemes es-

tablished. The most important types of nanoparticles (regarding their composition)

are introduced in Section 6.2.1. The following section describes the synthesis of

metal particles. Particle biofunctionalization represents the key step for an inte-

gration of the nanoparticles into biological assays. The various bioconjugation

approaches regarding gold nanoparticles are introduced in Section 6.2.3.1 for

DNA and Section 6.2.3.2 for proteins. Other metal nanoparticles follow in Section

6.2.3.3. Section 6.2.4 gives the outlook for further applications of bioconjugated

particles.

Although biofunctionalized particles are important for assays, substrates modi-

fied with capture molecules are often required to realize chip-based detection with

its potential for miniaturization as well as parallelization. Such substrates usually

exhibit self-assembled monolayers to bind the capture molecules (Section 6.3.1.1).

For a typical system, optimization, regarding blocking of undesired unspecific in-

teractions, is required (Section 6.3.1.2). Beside molecular layers, nanoporous gels

provide another interesting option for efficient binding of capture molecules

(Section 6.3.2). This chapter concludes with an outlook (Section 6.4) that forecasts

future developments.

6.1.1

Applications

Nanotechnologies extend the limits of molecular diagnostics to the nanoscale and

offer a broad spectrum of potential applications in molecular diagnostics, as sum-

marized by Jain [4]. Beside technologies such as nanowires or nanopores, we will

focus on nanoparticle technologies using, especially, gold nanoparticles as labels

for biomolecule probes.

A typical assay in biomolecular detection probes the presence of target molecules

by using capture molecules that are complementary to the targets. These capture

molecules bind the target, and this binding is detected using labels that are either

attached to the targets (e.g. by PCR in the case of DNA or RNA) or added by

another binding molecule in a kind of sandwich assay (Fig. 6.1). Capture probes

attached to solid substrates are easily incubated and washed. Moreover, by using

separate binding spots for various capture probes, the assay can be multiplexed

with only minimal sample volume requirement.

6.1.2

Array Fabrication

The need for analytical methods that can deal with many probes, and, ideally, ana-

lyze all of them together, led to the development of so-called microarrays or bio-
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chips, which enable massive parallel mining of biological data, multiplexing, and

automation in a miniaturized format [5]. The particular strength of array analysis

results from the highly redundant measurement of many parallel biomolecular

hybridization or recognition events, which leads to an extraordinary level of assay

validation [6, 7].

DNA microarrays can be fabricated by two strategies. In the first approach, the

on-chip (in situ) synthesis of capture oligonucleotides at defined places provides

high yields of capture probes that are consistent over the surface of the support. It

permits combinatorial strategies for the fabrication of large oligonucleotide arrays.

In the second strategy, an off-line approach in which pre-synthesized oligonucleo-

tides have been deposited onto the substrate (ex situ), available in most biology

laboratories, enables assessment of the capture probes before they are attached

to the surface. Deposition is also the method of choice for long sequences as PCR

products. When many arrays are needed with the same probes, deposition may be

more economical than in situ synthesis.

Fig. 6.1. Microarray-based, sequence-specific

DNA detection with gold nanoparticle labels.

(A) Solid substrate, functionalized for binding

of capture probes. (B) Covalent attachment

of capture-oligonucleotides. (C)–(E) For the

direct detection scheme, the target probes have

to be labeled prior to hybridization. (C)

Hybridization of DNA target strands labeled

with gold nanoparticles or (D) biotin

molecules. (E) Labeling of the biotin-tagged

targets with streptavidin-modified

nanoparticles. (F) In the indirect approach

(sandwich), the unlabeled target strands are

hybridized to the capture strands first, (G)

followed by an additional hybridization with

labeled DNA probes.
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6.1.3

Detection Methods

Different applications of metal nanoparticles for biomolecular detection are favored

by their multi-purpose possibility of signal development.

The most common characterization techniques of metal nanoparticles are

high-resolution transmission electron microscopy (HRTEM) as well as scanning

tunneling microscopy (STM), atomic force microscopy (AFM), small-angle X-ray

scattering, and X-ray diffraction [8]. For paralleled assays in microarray format,

electrical/electrochemical and optical methods are preferred, such as optical ab-

sorbance as well as optical scattering, surface plasmon resonance (SPR) imaging,

and surface-enhanced Raman spectroscopy (SERS).

6.1.3.1 Optical Absorbance

Imaging the optical absorbance of surface-bound particles is probably the simplest

method for analyzing nanoparticle-labeled DNA at surfaces. The extinction coeffi-

cient of metal nanoparticles can exceed those of organic dyes by many orders of

magnitude, which has been explained by the collective resonance of conduction

electrons in the metal (surface plasmon resonance, SPR, [9–11]). An important en-

abling step for DNA labeling by nanoparticles was the development of a method

in 1996 that allowed the direct oligonucleotide modification of gold nanoparticles

[1, 2]. This enabled a simple optical characterization by monitoring a color change

during hybridization events of two complementary DNA–nanoparticle complexes

in solution. Solutions of gold nanoparticle aggregates with interparticle distances

larger than the average particle size appear red. But when biomolecular recognition

events lead to significantly decreased interparticle spacings the solution turns blue,

which is detectable in a spectral shift. The dependency on interparticle spacing was

also used in colorimetric, heterogeneous biomolecule detection schemes on thin-

layer chromatography plates [12]. By using solid supports the color differentiation

was enhanced; this is attributable to increased aggregation of the pre-organized

DNA-linked nanoparticles upon drying the solution on the support, which also

prevented samples (heated above the DNA dissociation temperature) from re-

hybridizing. Thus, a permanent record of the test could be obtained. Further-

more, gold nanoparticle-labeled probes exhibited characteristic, exceptionally sharp

‘‘melting transitions’’ compared with those of fluorophore-labeled targets, which

allows the discrimination of even small DNA sequence defects. By aligning the

oligonucleotides in a ‘‘tail-to-tail’’ [13] rather than ‘‘head-to-tail’’ fashion on the

nanoparticles the sensitivity could be further improved, and it was even possible

to distinguish target sequences with single nucleotide polymorphisms from the

fully complementary target. The altered melting profiles yielded a selectivity that

was over three times higher than that observed for fluorophore-labeled targets [3].

The absorbance signal of the surface-bound gold nanoparticles could be further

amplified by autocatalytic deposition of silver metal [14]. Such silver enhancement

leads to a growth of the gold nanoparticles (Fig. 6.2) and makes the nanoparticle-

based assays readable by simple flatbed scanners. The sensitivity of this scanomet-
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ric array detection exceeds that of analogous fluorophore systems by two orders of

magnitude (50 fm vs. 5 pm, respectively) [3].

Microstructured biochips were introduced in this field to monitor the binding of

nanoparticle-labeled target DNA to arrayed capture DNA probes by both reflected

and transmitted light [15]. Moreover, the authors found that the intensity of re-

flected light directly relates to the number of bound particles and to the concentra-

tion of hybridizable targets in solution.

Beside the large extinction coefficient there is a just as huge scattering coefficient

that enables extremely sensitive imaging and quantification of nanoparticle-tagged

biomolecules by scattered light. This was shown for selenium nanoparticle–

antibody conjugates that – bound to biotinylated target DNA – could be imaged by

Fig. 6.2. Metal enhancement of gold

nanoparticles by a stepwise electroless

deposition of silver. Atomic force microscopy

(AFM) images and their corresponding section

analyses show the growth of single 30 nm-

sized gold nanoparticles after 0, 2 and 10 min

enhancement time, as examples. For

orientation, selected particles are marked by

arrows through the experiments. (A) Slowly

growing particles by a homemade silver

acetate/hydroquinone silver enhancement

solution (average height of 31, 38 and 48 nm,

respectively). (B) Fast growing particles by

means of a commercial silver enhancement kit

(Silver Enhancement SolutionTM, British

Biocell) (31, 130, and 442 nm, respectively).
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scattering light in an evanescent field [16]. The use of an internally reflecting wave-

guide allows for measurement of real-time binding or melting of a light-scattering

label of a DNA array.

As well as for the optical absorbance, the spectrum and intensity strongly de-

pends on the size, shape, and material composition of the nanoparticles. Thus,

the use of different-sized gold nanoparticles as scattering labels results in different

colors of scattered light, e.g. green-scattering 50 nm and orange-scattering 100 nm

particles [17].

Li and Rothberg introduced a completely different approach by designing – in

combination with gold nanoparticles – a novel fluorescent assay for DNA hybrid-

ization based on the electrostatic properties of DNA without the need for probe

or surface modification [18]. The fluorescence of single-stranded dye-tagged DNA

was efficiently quenched when the DNA probes had bound to gold nanoparticles,

whereas double stranded DNA refused to adsorb to the particles (Section 6.2.3.1).

Hence, these hybridization events could be measured indirectly as fluorescence

signals.

6.1.3.2 SPR Imaging

In the past decade, SPR methods have contributed significantly to the sensing and

quantification of biomolecule interactions; four emerging application areas have

been identified: food analysis, proteomics, immunogenicity, and drug discovery

[19]. SPR biosensors enable the measurement of analyte binding to immobilized

biomolecules without using labels. The first SPR biosensor, introduced by Biocore

AB in 1990, can detect protein–protein interactions and, moreover, was combined

with miniaturized flow systems for efficient sample delivery to the sensor surface.

Since it was possible to reproducibly self-assemble gold nanoparticles from solu-

tion onto glass surfaces – functionalized with amine or thiol groups – new SPR

biosensors were developed that enable label-free optical detection in a chip-based

format [20]. In a typical SPR spectroscopy setup a laser beam is aimed at the back

of a substrate. Although even subtle changes in the refractive index at the surface

of the substrate result in changes of its resonant reflection angle, nanoparticles

bound to the sensed analytes increase the shifts in deflection angles, leading to a

considerably elevated detection sensitivity [21].

6.1.3.3 Raman Scattering

The enhancement of optical signals by metal nanoparticles is also exploited at de-

tection by Raman scattering [22, 23]. Especially, silver and gold nanoparticles are

extremely effective at enhancing the scattering signal from adsorbed, Raman-active

molecules. Thus, it was possible to detect different DNA target molecules by the

use of DNA probes simultaneously labeled with both Raman-active ligands and

nanoparticles by Raman spectroscopy [24]. The microarray format included cap-

ture DNA strands immobilized on a chip and, thereafter, incubated with target

probes. Gold nanoparticles modified with Cy3-labeled, alkylthiol-capped oligo-

nucleotides were used to monitor the presence of specific target DNA strands.
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Initially, the nanoparticle probes were not visible to the naked eye, and no Raman

signal was detectable. The authors assumed a lack of electromagnetic-field en-

hancement for the nanoparticles due to the large nanoparticle spacings compared

with closely spaced gold nanoparticles that were shown to give a surface-enhanced

Raman scattering (SERS) enhancement [25]. But, in contrast to the undeveloped

particles, silver enhancement of the bound DNA-nanoparticle probes resulted in

the growth of an Ag layer around each Cy3-labeld nanoparticle probe, thereby lead-

ing to large Raman scattering enhancements with an unoptimized detection limit

of 20 fm target concentration.

6.1.3.4 Electrical Detection

In addition to these versatile optical detection schemes metal nanoparticles offer

the possibility for an electrical readout. Owing to their conductivity, it seems self-

evident to use them as a conductive bridge between two electrical leads. This can

be used in DNA detection schemes by immobilizing capture oligonucleotides in a

gap between two electrodes and a subsequent labeling with gold nanoparticles.

Möller et al. were able to hybridize complementary, gold-nanoparticle-tagged oligo-

nucleotides to the surface-bound capture DNA between two microstructured elec-

trodes [26]. An additional silver enhancement step makes the bound nanoparticles

grow and come into contact, thereby bridging the gap. The resulting drop of resis-

tance was measured by an integrated measurement system consisting of a ‘DNA

chip reader’ with an embedded PC [27] (Fig. 6.3). The microstructured chip had

42 1 mm-wide electrode gaps, each independently accessible and simultaneously

read out. The system is transportable, autonomously working and therefore also

suitable for readout outside the laboratory. It could detect 5 pm of target DNA con-

centration. Park et al. have described a similar resistive system with which they

could detect target DNA down to 500 fm as well as single-nucleotide polymor-

phisms with a selectivity of up to 105:1 without a thermal-stringency wash [28].

By depositing biofunctionalized nanoparticles on electrode arrays Campas et al.

were recently able to measure the hybridization efficiency by amperometry [29].

They achieved significant differences in current density between complementary

and mutated oligonucleotide sequences. Similarly, electrodeposition of enzyme-

modified colloidal gold on electrodes provided a proof-of-principle concept for en-

zymatic multisensors.

6.1.3.5 Electrochemical Detection

Other approaches used colloidal gold labels in novel, sensitive electrochemical

sensors [30]. After oxidative gold metal dissolution under acidic conditions the re-

sulting aqueous metal ions were detected by anodic stripping voltammetry (ASV).

Dequaire et al. used disposable carbon-based electrodes and evaluated the method

for a noncompetitive heterogeneous immunoassay of an immunoglobulin G with a

detection limit of 3 pm [30]. In addition, ASV has been assigned to an electrochem-

ical DNA detection method [31]. The combination of sensitive gold(iii) determina-

tion at screen-printed microband electrodes with the large number of gold(iii) ions

released from each gold particle allowed detection of as low as 5 pm amplified

156 6 Biofunctionalization of Metallic Nanoparticles and Microarrays for Biomolecular Detection



DNA fragment. Both an advanced magnetic processing technique and a deposition

of gold onto the immobilized gold labels increased the sensitivity of the system by

forcing DNA duplex isolation and increasing the number of gold atoms for the

oxidation, respectively [32]. The use of different nanoparticles (PbS, CdS, ZnS)

with different redox potentials enabled Wang et al. to establish a multilabel system,

where every nanoparticle species encodes a different DNA sequence and can be

selectively identified by ASV [33]. Using voltammetry makes the integration of a

higher number of probes on one substrate problematic. Although Ozsoz et al. did

not address the question of microarray formats, their use of differential pulse vol-

tammetry would be appropriate for direct simultaneous detection of many nano-

particle probes at arrayed microelectrodes [34].

Fig. 6.3. Electrical detection of gold

nanoparticle-labeled DNA. DNA strands

(‘captures’) that bind the molecules of interest

(‘targets’) are immobilized between micro-

structured electrode gaps on a chip. If any

complementary target DNA is present, the

target molecules, labeled with gold nano-

particles, will bind and form the starting

point of subsequent metal enhancement steps.

The resulting metal layer is detected by a

significant drop in electrical resistivity between

the electrodes. (A) Gold electrodes 10 mm wide

were used to create gaps. (B) The zoom

visualizes the details of one of the 1 mm gaps

on the silicon oxide substrate. (C) Overview

showing the half-inch chip. (D) DNA chip

socket of the paralleled readout system. (E)

The portable DNA chip reader. (Modified after

Ref. [27].)
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6.1.3.6 Gravimetric

Beside their advantageous optical and electrical properties, metal nanoparticles

have a high specific mass that can be exploited in detection schemes based on

gravimetric principles, as has been shown for both quartz-crystal-microbalances

(QCMs) and oscillating microcantilevers. Extremely small mass changes at the

oscillating surface cause characteristic changes in the frequency of nanomechani-

cal resonator detectors.

Okahata et al. even reported binding kinetics of a protein to double stranded

DNA immobilized on a QCM [35]. Metallic nanoparticles also enhance the sensi-

tivity of gravimetric DNA sensors, up to a picomolar range, when using them as

DNA labels [36]. A further increase, up to femtomolar sensitivities, was obtained

either by hybridizing a second layer of nanoparticles to the first one [37] or by

additional gold deposition on the nanoparticle labels [38].

Conversely, cantilever-based optical deflection assays were able to discriminate

DNA single-nucleotide mismatches even without the need for external labeling.

In these approaches the microcantilevers were functionalized with capture mole-

cules. A subsequent biomolecule recognition reaction could be detected due to the

induced deflection of the cantilever [39]. While hybridization of complementary

target oligonucleotides resulted in net positive deflection, targets containing one

or two internal mismatches caused net negative deflection. According to Thundat

and colleagues, this cantilever approach can be adapted to high-throughput array

formats providing distinct positive/negative signals for an easy interpretation of

DNA hybridization. Moreover, Gimzewski and co-workers extended these oligonu-

cleotide hybridization assays on individual cantilevers to cantilevers in an array

[40]. The differential deflection of the cantilevers provided true molecular recogni-

tion signals despite the nonspecific responses of individual cantilevers. Beside the

detection of oligonucleotide hybridization, the general applicability to biomolecular

processes was demonstrated by monitoring molecular recognition between pro-

teins as well.

6.2

Nanoparticles and their Biofunctionalization

Colloidal nanoparticles differ from bulk material due to their large surface-to-

volume ratio. Since inorganic nanoparticles show interesting – strongly size-

dependent – optical, electrical, magnetic, and/or electrochemical properties, they

offer many opportunities in biological applications. Some of these will be described

subsequently. Reference [41] reviews the different physical characteristics of metal

nanoparticles and their implementation in assays.

The intense optical absorption of metal colloids is due to the collective electronic

(or plasmon) resonance and is defined by the nanoparticle material, size, and

geometry. Consequently, not only the size but also their shape plays an important

role.
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6.2.1

Types of Nanoparticles used for Biomolecular Detection

6.2.1.1 Metal Nanoparticles

Metal nanoparticles are dispersions of a solid phase in a liquid phase, mostly as

metal colloids with dimensions of nm to mm (Au [42], Ag [43], [44], Pt [45], Pa

[46], Cu, Fe, and Hg [47]). The most important metal particles are gold and silver

sols synthesized from metal salts. Gold particles are composed of a starting atom

surrounded by a defined quantity of gold-atoms, magic numbers corresponding to

the formula ½10n2 þ 2� [8, 48], where n is the number of layers in the particle. The

minimum size of these colloid particles is 13 atoms. Such particles are close to

icosahedrons or dodecahedrons [49], approximating to spheres with increasing

diameter.

6.2.1.2 Core/Shell Particles

Metal core/shell nanoparticles also have interesting optical properties. Heterogenic

bimetallic nanoparticles exhibit two plasmon resonances, appropriate to the elec-

tronic bands of the pure elements (of both the core and the shell metal phases)

[49]. The optical properties of such nanoparticles are explained by the Mie theory

for cladded particles [50, 51]. Compared with heterogeneous species, homogenous

bimetallic nanoparticles, synthesized, for example, by alloying under laser irradia-

tion, exhibit only one surface plasmon peak, which lies between the absorption

bands of the pure metals [49]. Bimetallic (mostly heterogeneous) nanoparticles

also play an important role in biomolecular detection when Raman-active ligands

are used [24].

Furthermore, pure metal nanoparticles have some disadvantages concerning

their chemical stability or when used in different solvents. To prevent particle

coalescence, colloids can be coated with a dielectric shell, e.g. a silica shell. Liz-

Marzán et al. have used silane coupling agents as surface primers to make the par-

ticle surface vitreophilic, followed by self-assembly of a hydrated silica monolayer

[43]. Thus, the resulting silica surface enables the same bioconjugation strategies

as for silica nanoparticles. This has been summarized recently by Drake et al. [52].

After surface modification the inert metal core/dielectric shell nanoparticles

could be transferred into practically any solvent. The thickness of the optically

transparent silica layer could be determined in a controlled way. Varying the silica

shell thickness and the refractive index of the surrounding solvent allowed control

over the dispersions’ optical properties. For example, the intensity of the plasmon

bands of such nanoparticles depends on the shell thickness. With increasing silica

shell thickness, up to a defined size, the intensity of the plasmon band increased

and, simultaneously, the absorption peak shifted to longer wavelengths (redshift)

due to the increased local refractive index around the particles. However, above

the defined layer thickness of 80 nm scattering becomes significant, resulting in a

strong increase in absorbance at shorter wavelengths (blue-shift), which is similar

to the properties of gold-free silica particles. The same results were caused by

(bio-)polymeric adsorption onto the metal particle surface. The polymeric shell
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also changed the geometric and dielectric parameters of the particles [53]. More-

over, the dependence of variations in extinction and light scattering spectra on the

gold core diameter, the shell refractive index and thickness could adequately be de-

scribed by the dipole approximation of the Mie theory.

Another type of nanoparticle composite consists of a metal shell encapsulating a

dielectric core [54]. The optical properties of such monodisperse silica nanopar-

ticles (so-called Stöber particles [55]) can be influenced by covering the particles

with a thin, uniform metallic shell. Keeping the size of the dielectric core constant,

the optical absorption shift is relatively sensitive to the shell thickness. Assuming a

constant core/shell size ratio it depends on the absolute size whether the particles

absorb or scatter light [56]. Implementation of such nanoshells in living tissue and

application of near-infrared light can photothermally destroy the labeled cells [57].

6.2.1.3 Magnetic Nanoparticles

Magnetic nanoparticles are mostly compounds with iron oxides (Fe3O4/magnetite

and g-Fe2O3/maghemite) and are, therefore, not pure metal particles. However,

they are mentioned here because they are also powerful, versatile nanoscaled

tools in biology and medicine. There are two types of magnetic particles: (1) so-

called magnetic beads containing nm-sized iron oxide particles surrounded by

a polymer-silica matrix and (2) pure metal oxide particles in the nm-range

(real nanoparticles, strictly speaking). Suspensions of small ferrimagnetic single-

domain iron oxide particles are called ferrofluids and can be used for medical

applications if biocompatible. Functionalization of these magnetic beads or nano-

particles, respectively, enables the binding of protein or DNA and, therefore, their

application in biomolecular detection and their potential use in medical diagnos-

tics and therapies, e.g. in thermal tumor treatment (magnetic hyperthermia [58])

where only biocompatible magnetic nanoparticles are usable. For many diagnostic

applications both magnetic beads and nanoparticles are usable. Thus, they are

employed as contrast agents in magnetic resonance imaging (MRI) as well as in

detecting biomolecular binding events by means of magnetic sensors. Magneto-

resistive detection methods exploit the fact that an applied magnetic field, e.g.

due to magnetic particles attached to the sensor, causes a shift in electric resis-

tivity [59–62]. Additionally, the magnetic separation of biomolecules attached

to magnetic beads is a standard laboratory method. Thus, Ho et al. employed

antibody-presenting magnetic nanoparticles as effective affinity probes for selec-

tively concentrating traces of target bacteria from sample solutions [63].

6.2.1.4 Quantum Dots

Quantum dots are nanocrystals of cadmium chalcogenides (CdS, CdSe, CdTe), in

the range of 200–10 000 atoms, that exhibit strongly size-dependent optical and

electrical properties [64]. Irradiated with low-energy light of a broad, continuous

excitation spectrum, semiconductor nanocrystals have a narrow, tunable emission

spectrum, and, moreover, they are photochemically stable and therefore comple-

mentary, and in some cases perhaps even superior, to conventional fluorophores

[65]. But, dependent on their size, the photoluminescence signal can consist of
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the entire spectrum of visible light. This enables the excitation of different sizes of

quantum dots at the same time and makes them suitable as luminescent probes

for labeling of biological systems [4, 66, 67].

6.2.2

Synthesis of Gold (Silver) Nanoparticles

The method used most for the synthesis of gold (as well as other metal) nanopar-

ticles is the reduction of metal salts by different reducing agents (organic acids

[68], substituted ammonias [68, 69], formaldehyde [70], hydrogen peroxide, phos-

phorus [71], gases, protecting agents [72, 73], and electrical fields [74]. Gold col-

loids are mostly synthesized by the reduction of gold(iii) salts, and, among these,

the citrate reduction of HAuCl4 is the most common procedure [68], where so-

dium citrate acts both as a nucleating and reducing agent [47]. Initially, the citrate

is oxidized to acetone dicarboxylic acid [49]. In the following step, gold ions be-

come atoms by forming an intermediate complex and, thereafter, nucleation is-

lands. The smallest island is composed of 13 gold atoms [75]. Further metal ions

are reduced on the surface of such nucleation centers to give larger particles. The

particle size (12–147 nm) is determined by the quantity of citrate ions [76]. The

resulting polycrystalline, nearly spherical particles are polydispersed, showing a

relatively uniform shape and homogeneous size distribution (standard deviations

of 10–15%, depending on the particle diameter).

The stability of the citrate-reduced colloids is determined by the concentration of

salt ions in the solution. A dielectric shell of charged ions keeps the particles apart,

therefore stabilizing the solution against aggregation. Small changes in reaction

conditions can make this shell partially unprotected, resulting in an irreversible

coagulation of the colloid solution. By using different ligands during or after the

synthesis the particles can be sterically stabilized (Section 6.2.3).

Another approach to synthesizing metal (gold) nanoparticles is the Brust–

Schiffrin method, involving the phase transfer of a tetrachloroaurate complex

from aqueous to organic solution, followed by reduction with sodium borohydride

in the presence of a thiol-stabilizing ligand [72, 73, 77]. The resulting particles are

smaller (1–3.5 nm) and more monodispersed than the citrate colloids.

Size control of gold nanoparticles by the use of different stabilizing agents de-

pends on the ligand type and its properties [78]. For alkane thiol ligands the molar

ratio of aurate to thiol influences the average particle size [79]. By using a multi-

valent alkane thiol stabilizer Yonezawa et al. obtained smaller, more monodisperse

gold nanoparticles than with conventional monoalkanethiols, thereby enabling sys-

tematic size control with atomic precision [80].

6.2.3

Biofunctionalization

Colloidal metal particles can be modified either during or after particle synthesis.

Similar to the formation of self-assembled monolayers (SAMs) on planar surfaces
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(Section 6.3.1.1) the post-synthetic coupling of biomolecules to the particle surface

occurs in various steps. First, the biomolecules bind through electrostatic interac-

tions by displacing the surrounding citrate ions. Thereafter, a chemical bond be-

tween the ligand and the particle follows, e.g. a thiol-gold coupling.

6.2.3.1 Modification of Gold Nanoparticles with Oligonucleotides/DNA

Oligonucleotides can be attached to metal nanoparticles in different ways. Since

the resulting DNA-nanoparticle conjugates differ in oligonucleotide surface den-

sities, the availability for hybridization to targets, and in the tendency to nonspecifi-

cally bind to surfaces, the attachment chemistry impacts significantly on their use

in heterogeneous detection schemes [81]. Bioconjugate chemistry has been studied

most intensively for gold nanoparticles. As they provide the simplest, most stable

conjugation chemistry for oligonucleotides, we will focus on the biofunctionaliza-

tion of colloidal gold (Fig. 6.4).

Thiol, Di-, Trisulfide Nuzzo et al. have shown that gold surfaces can be easily func-

tionalized by free thiols and disulfides [82, 83]. Their adsorption studies of methane-

thiol and dimethyl disulfide showed a strong binding of both adsorbates to

gold surfaces, with the bonding of disulfide being greatly favored, probably due to

dissociation of the disulfide bond to give a stable surface thiolate. However, these

oligonucleotide–gold conjugates lose activity as hybridization probes when soaked

in solutions containing thiols, which displace the derivatized oligonucleotide from

the gold surface. To overcome this drawback Letsinger et al. described a new

steroid-cyclic disulfide anchoring group for binding oligonucleotides to gold sur-

faces [84]. The resulting nanoparticle conjugates kept their hybridization activity

and were much more resistant to attack by a thiol than conventional gold conju-

gates that contain alkyl mono-thiol or acyclic disulfide linkers. The same authors

subsequently reported that oligonucleotides connected to gold through three sulfur

groups were even more stable than these dithiane conjugates, stabilizing gold par-

ticles even larger than 30 nm in diameter [85].

Gold nanoparticles are usually linked to oligonucleotides by a thiol at the 5 0 or 3 0

end of the oligonucleotide, leaving the nucleotides unobstructed for hybridization

to their complements. However, dependent on oligonucleotide content, length, and

coverage, DNA tends to adsorb nonspecifically to gold surfaces through the nucleo-

tides, inhibiting hybridization [86, 87]. To prevent DNA surface adsorption, mixed

monolayers of the thiol-derivatized probe and a spacer-thiol have been explored.

On planar surfaces, mercaptohexanol (MCH) can orient the DNA perpendicularly

and facilitate hybridization by displacing the non-covalent and nonspecific adsorp-

tion of thiolated DNA [88–90]. Park et al. considered MCH concentration and reac-

tion time as a key to controlling the conformation changes of oligonucleotides

attached to gold nanoparticles [91]. With increasing MCH concentration (1 mm–

1 mm) the electrophoresis mobility of the Au-DNA conjugates slightly decreased

towards those of gold nanoparticles without DNA attached, but stabilized by BPS

[bis(p-sulfonatophenyl)phenylphosphine dihydrate, dipotassium salt]. This result

points to a stepwise loss of surface-bound oligonucleotides, which suggests that
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reaction with concentrated MCH displaces the DNA molecules from the nanopar-

ticle surface. Changes in effective size (Deff ) of the Au-DNA conjugates were quan-

tified by the Ferguson plot method. The obtained drop in Deff confirmed the loss of

surface-bound oligonucleotides with higher MCH concentrations (>0.1 mm). How-

ever, MCH led to an increased hybridization capacity, presumably due to better

availability of the oligonucleotides to base pairing. In addition, Rant et al. charac-

terized the conformation of oligonucleotide layers on Au surfaces by fluorescence

investigation [92] (Fig. 6.5).

Although thiols and mercaptoalkyl residues can be incorporated into DNA sim-

ply by adding the suitable phosphoramidite modifier through solid-phase DNA

synthesis [93], thiol- or disulfide-modified DNA is commercially available.

Other Coupling Strategies (Phosphine, Maleimide, Amine/Succinimide, Lysine) In

1969, McPartlin et al. were the first to describe very small gold clusters that were

passivated by organic groups (phosphines). This undecagold contains a gold core

of 11 atoms, with the gold atoms on the surface attached covalently to phos-

phine groups [94]. By altering the organic groups the clusters were made water

soluble [95] and derivatized to link to proteins [96–98]. Larger gold clusters

were subsequently developed, showing better visibility at high magnification by

transmission electron microscopy (TEM) and increased enhancement with silver

[98]. These 1.4 nm-sized gold nanoparticles (Au55) are commercially available

bearing a single activated functional group (NanogoldTM, Nanoprobes Inc.). They

have been reacted with proteins or appropriately modified oligonucleotides to

form 1:1 nanoparticle:biomolecule conjugates. Using a maleimide group or an N-
hydroxysuccinimide, the gold clusters can react specifically with thiols or amino

groups, respectively [100]. Thus, Au55 clusters passivated with a phosphine ligand

shell, which is functionalized with a single reactive maleimide group, were used to

prepare DNA–gold conjugates from disulfide-modified and thiolated oligonucleoti-

des [101, 102].

As well as thiolated oligonucleotides, Ozsoz et al. used amino-modified oligonu-

cleotide probes to covalently attach to gold nanoparticles bearing carboxy-groups

[34]. After modifying the gold colloids with l-cysteine, standard activation methods

Fig. 6.5. Formation of oligonucleotide

layers on gold nanoparticle surfaces. The

conformation depends on the DNA molecule

density on the surface. (A) At very low surface

coverage, no steric interactions occur between

strands on the surface. (B) For higher molecule

densities, collisions will occur between the

ends of neighboring oligonucleotides,

restricting the possible strand orientations

and forcing the DNA strands to ‘‘stand up’’.

(C) As surface coverage increases, the

oligonucleotides approach their theoretical

limit of a densely packed monolayer of

‘‘standing up’’ DNA strands. (Modified after

Ref. [92].)
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converted the carboxylic acids into succinimide esters, which allow the formation

of a peptide bond with amino-modified DNA.

DNA–nanoparticle conjugates are also an interesting alternative ‘‘bottom-up’’

fabrication technology to produce nanowires using long DNA molecules as tem-

plates. Due to the relatively poor intrinsic electric conductivity of DNA, metalliza-

tion is required and can be achieved by nanoparticles. An ex situ approach uses the

electrostatic interaction between positively charged particles and the negatively

charged DNA phosphate backbone to attach lysine-capped gold colloidal particles

to DNA double-helices [103, 104]. However, Harnack et al. discovered that nega-

tively charged tris(hydroxymethyl)phosphine (THP)-capped gold nanoparticles

also bind densely to DNA [105]. Although the binding mechanisms of THP-gold

nanoparticles to DNA, and the factors controlling the binding efficiency, were still

unclear, the authors expected hydrogen-bonding interactions to be important since

each THP ligand provides three hydroxyl groups that can serve as either OH do-

nors or O acceptors. Cooperative, THP-gold conjugates preferably adsorb to hydro-

philic areas such as DNA molecules.

Supporting these observations, but in contrast to conventional wisdom, Li and

Rothberg also showed that single stranded DNA (ss-DNA) adsorbed on negatively

charged gold nanoparticles whereas double stranded oligonucleotides (ds-DNA)

did not [106]. They attributed these different electrostatic propensities to the flexi-

ble structure of ss-DNA. Single strands can uncoil sufficiently to expose their bases

so that attractive Van der Waals forces cause sticking to the gold. However, the

duplex structure of ds-DNA does not permit the uncoiling needed to expose the

bases. Hence, repulsion between the negatively charged phosphate backbone and

the adsorbed citrate ions dominates so that ds-DNA will not adsorb. Moreover,

they demonstrated that the adsorption rate of ss-DNA to gold nanoparticles is

length and temperature dependent [107] and, additionally, can effectively stabilize

the gold colloid against salt-induced aggregation. Exploiting these observations,

they designed a simple, fast colorimetric hybridization assay that does not require

functionalization of the gold, the probe or the target DNA, but was able to easily

detect single base mismatches.

6.2.3.2 Modification of Gold Nanoparticles with Proteins

Proteins bind to gold colloids for three main reasons: sulfur bonding (cysteine and

methionine), charge (lysine), and hydrophobic attraction (tryptophan) (Fig. 6.6).

Generally, this conjugation is irreversible, but long-term storage at high pH or in

a buffer containing surfactant may cause some proteins to dissociate.

Initially, the coupling of gold nanoparticles to proteins was used to visualize cel-

lular structures by electron microscopy because of the high electric densities [108],

as shown for antibodies and lectin [109, 110]. More recently, Ho et al. reported a

method for fabricating biofunctionalized nanoparticles by attaching human immu-

noglobulin (IgG) on their surfaces through either electrostatic or covalent binding

[63]. By selective binding of these IgG-presenting gold nanoparticles to bacterial

cell walls they were able to study the interactions between IgG and pathogens by

transmission electron microscopy.
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The first nanoparticle labeling of genomic nucleic acids was applied using the

biotin/streptavidin biorecognition reaction [111].

Studying the association of proteins onto gold particles at various protein con-

centrations yield typical saturation curves [14]. The number of bound molecules

depends on the molar concentration of the protein free in solution, the number of

possible adsorption sites and inversely correlates with the equilibrium constant for

dissociation of protein from particles. The applicability of Scatchard analysis to the

formation of protein–gold complexes indicates a finite number of adsorption sites,

leading to saturation, which is best explained by assuming a monomolecular shell

of protein around the particles.

In the past, colloidal gold–protein complexes were used extensively in immuno-

cytochemistry as secondary reagents for the localization of antigens. Horisberger

et al. examined the adsorption of protein A onto 11.2 nm-sized gold nanoparticles,

regarding the process and extent of the adsorption, the optimal conditions of prep-

aration, and the stability of such gold–protein complexes [112]. The adsorption iso-

therm was independent of pH at low protein coverage. However, in the presence of

a large excess of protein A, the highest coverage was obtained at pH 5.1, the iso-

electric point of the protein. Furthermore, the extent of protein association onto

gold particles also varied with the different protein coverage and decreased with in-

creasing coverage. The obtained complexes were stable under storage at low but

not at high protein coverage (up to 12 and 26 molecules adsorbed per particle,

respectively). Beside use in immunoassays by coupling antibodies to colloidal

gold, the streptavidin–biotin system [113] offers further possible applications (for

a review see Ref. [114]). The tetravalent protein streptavidin can bind the small bio-

molecule biotin with high sensitivity and affinity. Thus, streptavidin-functionalized

nanoparticles can be coupled easily to other molecules modified by biotin. By at-

taching biotinylated oligonucleotides to streptavidin-functionalized particles, DNA–

nanoparticle conjugates have been formed [115], enlarging the recognition capac-

ity of streptavidin by a highly specific binding site for the complementary DNA

sequence. This offers the opportunity to detect DNA-DNA hybridization events

Fig. 6.6. Schematic summary of

functionalization approaches of proteins to

gold nanoparticles. Proteins bind to the

particle surface by (A) sulfur bonding, (B)

charge interactions, and/or (C) hydrophobic

attractions (white: hydrophilic, black:

hydrophobic regions), dependent on the amino

acids exposed to the particle surface.
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by gold nanoparticles. Furthermore, Niemeyer and Ceyhan have described a

DNA-directed functionalization of colloidal gold with protein [116]. Thereby,

oligonucleotide-modified gold nanoparticles were coupled to complementary

DNA–streptavidin conjugates, which also have been functionalized with biotiny-

lated antibodies. The bioactivity of the resulting protein–gold conjugates was

proved in an immunoassay.

Recently, Levy et al. have demonstrated a general approach to the synthesis of ex-

tremely stable gold nanoparticles using a pentapeptide ligand [117]. Based on pro-

tein folding considerations, the basic design principle aimed at a ligand that can

readily attach to the surface of the gold particle and form a well-packed passivation

layer with a hydrophilic terminus. The resulting pentapeptide thiol capping ligand

was able to convert citrate-stabilized gold nanoparticles into stable, water-soluble

nanoparticles with chemical properties comparable to those of proteins. The stabil-

ity of different particle preparations conferred by ligands of various peptide se-

quences has been evaluated by exposing the particles to increasing salt concentra-

tions until precipitation occurred. This stability depended on the ligand length,

hydrophobicity, and charge.

In contrast to bioconjugation after nanoparticle synthesis, direct conjugation

methods eliminate the need for intermediate stabilizing agents or dense passiva-

tion that minimizes the free surface area for interactions with the desired adsor-

bates and often tends to aggregation with even mild processing. Burt et al. were

able to produce water-soluble gold nanoparticles less than 2 nm in diameter

directly conjugated to bovine serum albumin (BSA) protein without application

of high temperature or high pressure. They obtained a near-quantitative yield of

well-dispersed, protein-conjugated gold nanoparticles that remain stable indefi-

nitely in solution under ambient conditions [118].

6.2.3.3 Biofunctionalization of other Metal Nanoparticles

Oligonucleotides have been less successfully attached to nanoparticles made from

materials other than gold (such as Ag, Cu, Pd, Pt), probably because of the weaker

bond energies between sulfur and the other metals. Thiols possibly bound to these

surfaces are readily displaced by oxidants or other competing ligands (including

the DNA bases). A thin gold shell grown around metal cores of different materials

and shapes can improve biomolecule attachment, retaining the characteristics of

the core material, as shown for core-shell Ag/Au nanoparticles by Mirkin’s group

[115].

6.2.4

Biological Applications of Gold Nanoparticles

Due to their binding specificity as well as their large variety of functional groups,

biomolecules (nucleic acids, proteins) are able to offer new opportunities for the

functionalization of nanoparticles. Furthermore, efforts have been made to com-

bine the intrinsic opportunities of proteins, e.g. optical, catalytic, mechanical or

switchable properties, with the specific features of nanoparticles.
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Gold nanoparticle-oligonucleotide-conjugates are of great interest since com-

plementary DNA base pairing makes them specifically addressable. This can be

used for biomolecular detection schemes as well as for organizing supramolecular

nanostructures. It also offers versatile applications in the field of biosensors, dis-

ease diagnosis, gene expression, and molecular nanotechnology [8]. There are two

pioneering strategies for the functionalization of gold nanoparticles with oligonu-

cleotides. In 1996, Mirkin et al. used short DNA molecules as a linker between 13

nm-sized particles, resulting in macroscopic assemblies. The DNA attached to the

gold nanoparticles remained accessible to hybridization with complementary DNA

in a sequence-specific but reversible manner [1]. Conversely, DNA can be used as a

template to bind small gold nanoparticles on a single oligonucleotide strand [2].

Furthermore, there are other strategies for forming supramolecular aggregates,

e.g. semi-synthetic conjugates by self-assembly of nucleic acids, inorganic nanopar-

ticles, and proteins such as streptavidin [119].

6.3

Substrates and their Biofunctionalization

Oligonucleotides and other biomolecules cannot be coupled directly to the surface

silanol groups of silicon oxide or glass substrates. Therefore, the surface must be

functionalized with a group that can be used either to initiate oligonucleotide syn-

thesis or to which the pre-synthesized capture oligonucleotides can be attached. In

principle, there are two means of obtaining substrates that can bind biomolecular

capture probes: (1) nearly monomolecular thin films and (2) nanoporous gels (Fig.

6.7). The first method provides binding sites two-dimensionally, whereas the latter

ones form 3D arrangements. The advantage of impermeable, monomolecular

binding layers over nanoporous membranes/gels is that there is no need for

diffusion into pores, i.e. capture and target molecules can access the probes

immediately. This enhances the rate of capture probe immobilization as well as

hybridization/binding rates, especially for extended molecules and/or labels that

would be influenced by steric hindrance. However, 3D nanoporous gels yield a

Fig. 6.7. Strategies of substrate biofunctionalization: (A)

functional planar interfaces and (B) microscaled reaction

volumes (nanoporous hydrogels). Inset: nanoparticle-labeled

oligonucleotide strands immobilized in the gel.
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largely enhanced surface area and, therefore, a higher capacity for binding of cap-

ture and target probes, leading to enhanced signal levels.

6.3.1

Molecular Thin Films

6.3.1.1 Self-assembly Monolayers

Adsorption of organic thin-films enables the biofunctionalization of planar sur-

faces. Typical approaches are either Langmuir–Blodgett (LB) techniques or a

spontaneous organization of molecules into stable, well-defined structures (self-

assembly). Self-assembled monolayers (SAMs) are widely used, highly ordered

monomolecular films that spontaneously form on surfaces by chemisorption.

These 2D monolayers consist of oriented molecules containing a head group that

is reactive towards the surface. The alkyl chain usually influences the physico-

chemical properties and stabilizes the SAM by intermolecular interactions, where-

as the tail groups define the binding properties of the layer to further possible li-

gands. Compared with the similar LB films, in SAMs the ligand covalently binds

to the surface, resulting in a very strong bonding. Several systems give SAMs, e.g.

organosulfur compounds on metal surfaces or carboxy groups on metal oxides

[120, 121].

Exposure of gold surfaces to alkane-thiol solutions leads to the self-assembly of

these molecules. The resulting organic ultrathin film can be monitored by surface

plasmon resonance spectroscopy (SPRS). Peterlinz and Georgiadis introduced a

novel two-color SPR method, with which they obtained both film thickness and

film dielectric constant and studied the chain length- and concentration-dependent

kinetics of film formation in different solvents. Self-assembly in ethanol consists of

three distinct kinetics steps, whereas the formation in heptane can be described

with a single-step Langmuir adsorption model [122]. In ethanol, the results were

most consistent with a film formation mechanism involving adsorption of both

chemisorbed and physisorbed molecules. Expanding their SPRS studies the au-

thors examined the formation kinetics for a two-component monolayer film con-

taining thiol-modified single strand DNA (ssDNA including a hexamethylene

linker) as well as mercaptohexanol [123]. After adsorbing HS-C6-ssDNA, exposure

to an aqueous solution of mercaptohexanol results in a very rapid mercaptohexanol

adsorption followed by a slow desorption of HS-C6-ssDNA. The final coverage of

thiol-tethered DNA with mercaptohexanol diluent was estimated as 5.2� 1012

HS-C6-ssDNA cm�2. This corresponds to coverage densities described elsewhere

[124–126]. Coverage versus time data calculated from the two-color SPR best fitted

those of a model that accounts for adsorption, desorption, and diffusion (ADD) of

the adsorbate, although this model predicts a saturation coverage of 1� 1014 mol-

ecules cm�2. The adsorption and hybridization kinetics of surface-bound thiolated

ssDNA hybridized to fully complementary ssDNA were remarkably similar for

these two different interfacial binding processes. The occurrence of sequence-

specific hybridization was confirmed by SPRS melting studies. The amount of

surface-immobilized duplexes differed only slightly from that for the same du-
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plexes in free solution. A hybridization coverage of about one-third of that for the

adsorption accounts for a loss of some adsorbed HS-C6-ssDNA during rinsing and

mercaptohexanol-mediated desorption as well as for the hybridization efficiency.

The effect of DNA length and the presence of a thiol anchoring group on the as-

sembly of oligonucleotides at gold surfaces was investigated by Steel et al. [127].

The thiol-anchoring group strongly enhanced oligonucleotide immobilization. Ad-

sorbed thiol-ssDNA oligonucleotides shorter than 24 bases tended to organize in

an end-tethered configuration, for which the surface coverage is largely indepen-

dent of oligonucleotide length. However, for strands longer than 24 bases, the sur-

face coverage starts to decrease considerably with probe length, presumably corre-

sponding to a less ordered arrangement of DNA chains. Furthermore, Shchepinov

et al. investigated the influence of steric factors on the hybridization of nucleic

acids to oligonucleotide arrays [128]. They used spacer molecules to reduce steric

interference of the support on the hybridization behavior of immobilized oligonu-

cleotides. The optimal spacer length was determined to be at least 40 atoms, result-

ing in up to a 150-fold increased hybridization yields. Beyond this, steric hindrance

can also be a problem if the surface-bound oligonucleotides are too close to each

other. The highest hybridization yields were given for surfaces containing about

50% of the maximum oligonucleotide concentration. A further important factor

influencing the hybridization efficiency is the base composition of the reacting oli-

gonucleotides, owing to the lower stability of A:T versus G:C pairs. Southern et al.

described the mechanism of duplex formation as a process that starts with the

formation of a transient nucleation complex from the interaction of very few base

pairs [129]. Mismatches close to the centre of an oligonucleotide have a strongly

destabilizing effect on the duplex, whereas mismatches at the end are less destabi-

lizing and thus more difficult to discriminate.

However, organosilicon derivatives on silicon oxide and glass are the most im-

portant for biological applications – and therefore we will focus on these.

Since all the standard surface modifications require silanol groups, the absolute

number and relative distribution of surface hydroxyl (silanol) groups is important

[130]. By varying the concentration of silanol groups it is possible to substantially

change the properties of such a surface. Zhuravlev has studied the surface concen-

tration of hydroxyl groups (silanol number aOH) for a large variety of amorphous

silicas [131]. By using the deuterio-exchange method with mass spectrometric

analysis he estimated a silanol number of about 5.0 OH groups per nm�2 (cor-

responding to 5� 1014 cm�2), independent of the origin and structural charac-

teristics of the fully hydroxylated surfaces, and considered the value as a physi-

cochemical constant. However, preliminary vacuum treatment within the range

from 200 to 1100 �C significantly decreased the concentration of hydroxyl groups

ðaOH < 0:15Þ, pointing to strong dehydroxylation of the surface.

Furthermore, the coating morphology, including silane layer thickness, density,

and the orientation of the surface molecules, strongly depends on the amount of

water the solvent contains [130]. Once the surface offers functional groups for sub-

sequent biomolecule coupling, there are different strategies for covalent attach-

ment of DNA (or proteins) to glass surfaces to build microarrays, as described in

Ref. [132]. To enable molecular interactions with other biomolecules (e.g. hybrid-
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ization) the immobilized capture probes should be fixed at their extremities.

Therefore amino- or carboxy-modified DNA molecules are normally used, requir-

ing adequate functionalized substrate surfaces. Consolandi et al. have described

two robust procedures for oligonucleotide microarray preparation, including glass

functionalization with appropriate silanes (Fig. 6.8), a coating step using polymers,

and a surface activation step to allow for the attachment of amino-modified oligo-

nucleotides [133]. These chemical platforms showed an overall high loading capac-

ity and availability to hybridization against targets, a good uniformity, resistance to

consecutive probing/stripping cycles, and the possibility of performing enzymatic

reactions.

Recently, Martin-Palma et al. have presented a novel biofunctionalization tech-

nique for the deposition of amine groups on different surfaces [134]. The proposed

activation method induced amino-group fixation on the surface of materials rang-

ing from semiconductors to metals and insulating materials. The reactivity of the

functionalized surfaces could be determined by using a fluorescent reagent that

specifically reacts with amine groups.

6.3.1.2 Optimization of Gold Nanoparticle-based Microarrays for DNA Detection

However, substrate modification with silanes (as a prerequisite for capture DNA

binding) often leads to inhomogeneous surfaces and/or non-specific binding of

the labeled DNA. For that reason, Fritzsche and co-workers examined different

cleaning strategies as a prerequisite for substrate functionalization, characterizing

Fig. 6.8. Surface modification with silanes

for DNA attachment. (A) Direct binding of

amino-modified DNA by epoxy-groups of

3-glycidoxypropyltrimethoxysilane (GOPS).

(B) Amino-attachment chemistry of 3-

aminopropyltriethoxysilane (APTES). The

binding of amino-modified oligonucleotides

works indirectly by the bifunctional crosslinker

1,4-phenylenediisothiocyanate (PDC) [135].
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two different surface modification methods with silanes so as to provide functional

groups for covalent attachment of amino-modified DNA [135]. To reduce non-

specific binding of gold-tagged DNA molecules, different blocking strategies were

examined, especially those for nanoparticle labeling. The two examined silanes dif-

fered in their DNA binding homogeneity, maximum signal intensities, and sensi-

tivity. Non-specific gold binding could be blocked by treatment in 3% bovine serum

albumin (BSA). Another approach to characterizing surface modification methods

by silanes employed atomic force microscopy (AFM) [136]. After silanization of the

silicon oxide substrate, parts of the surface were covered by an elastomeric mask

and then treated with oxygen plasma, leading to damage of the silane layer. AFM

characterization of the surface (Fig. 6.9) revealed a height difference of@1.8 nm,

which can be attributed to the thickness of the silane layer.

6.3.2

Nanoporous Gels

As well as glass or silicon surfaces, organic polymers offer another interesting

option for the immobilization of nanoparticles. A higher loading capacity can be

obtained by using thick layers consisting of a 3D network.

Fig. 6.9. DNA immobilization using APTES

surfaces. A step in an APTES surface to

measure the layer thickness was fabricated as

follows: (A) parts of the silanized surface were

covered by an elastomeric mask and thereby

protected against damage by subsequent

oxygen plasma. (B) The resulting step of about

1.8 nm is visible in the scanning force

micrograph and represents the height of the

silane layer. (Modified after Ref. [136] with

permission of Oxford University Press.)
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Since the first introduction of solid-phase synthesis on an organic polymer

support (2% crosslinked polystyrene [137]), new biomaterials with polyethylene

backbone structures have been developed. These materials are characterized by im-

proved hydrophilic/hydrophobic properties as well as a good biocompatibility. An-

other important feature of these polymers is the resistance to standard solvents

and their good swelling properties [138].

In addition to other applications the polymers can be used as beads for com-

binatorial synthesis resins such as TentagelTM [139, 140], polyethylene glycol–

polystyrol (PEG-PS) [139] and polyethylene glycol–polyacrylamide copolymers

(PEGA) [141]. Furthermore, polymers suitable for solid-phase synthesis have been

micropatterned by spinning-on the pure monomers without functionalization,

followed by light-induced polymerization [142]. More recently, Amirgoulova et al.

described polymer coatings based on PEG for the study of immobilized biomole-

cules [143]. The crosslinked, star-polymer derived surfaces not only allowed revers-

ible protein unfolding and refolding but also interacted negligibly with the immo-

bilized proteins.

While preparing the polymer, bacteria cells [144] as well as proteins [145, 146]

can be enclosed for different microfluidic reactors and for biochemical reac-

tions, respectively. Although in these processes the enzymes and cells were non-

covalently bound at the matrix of the polymer, they were restrained/prevented

sterically from leaving the gel.

Bieber and co-workers were able to immobilize Salmonella antibodies in a 3D

polymer network based on acrylamide derivates and polyethylene linkers [147]. To

extend this strategy the applied polyethylene glycol diacrylates and bisacrylated bis-

diamino polyethylene glycols (Mr ¼ 4000; 6000, and 8000) were functionalized by

using hydroxy acrylate. Thus it was possible to bind biomolecules covalently in-

stead of simply enclosing them in the polymer. Additionally, both the network

structure (e.g. width of the meshes) and the functionality of the synthesized poly-

mer could be adapted by an adjustable crosslinking reaction and the specific load-

ing with functional groups, respectively. The resulting loading capacity of these

spaces of biorecognition reactions were up to 1000� higher than those of plain

2D surfaces.

Before their immobilization by covalent binding in the nanoporous gel the

biomolecules should be tested for their ability to penetrate coats of different hydro-

gels. A simple possibility is to use gel electrophoresis primarily employed for the

separation and purification of DNA and proteins [148] (Fig. 6.10).

The investigated gels were loaded with a protein standard mixture and treated

with sodium dodecyl sulfate (SDS), which binds to the amide groups in the pro-

tein. Thus, the protein becomes negatively charged, in dependency of the length

of its amino acid chain. Application of an electric field forces the molecules

through the gel with different electrophoretic mobility due to their different elec-

tric charge, which is proportional to the size of the molecule. Higher polymer con-

centrations and smaller monomers yield a 3D network with tighter meshes. Larger

molecules are, therefore, unable to penetrate into the gel.

In addition to the immobilization of biomolecules on functionalized surfaces,

10 mm-thin coats of functionalized spots of polyethylene glycol-based polymers
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(0.5–2 mm in diameter) have been prepared on glass substrates. These functional-

ized arrays are easy to use and suitable for commercial spotting systems. After acti-

vation of the glass supports and their modification with acrylsilane the monomer

solution, containing a photo-initiator, was coated. To generate the spots ultraviolet

radiation was applied through a mask, leading to polymerization at the exposed

areas. At the non-exposed areas, unreacted monomer solution was rinsed off after

polymerization had finished. Thereby, the loading of the hydrogel is influenced by

the ratio of the different functional groups in the monomer solution. In sub-

sequent steps the prepared hydroxy-functionalized spots were transformed into car-

boxylic acids and active esters, which can react with amino-modified, fluorescence-

labeled DNA. Finally, the oligonucleotides are bound covalently at the polymer

matrix and are then qualitatively and quantitatively detectible by the fluorescent

group (Fig. 6.11).

Fig. 6.10. (A) Electrophoresis is a rapid

method for separating biomolecules according

to their charge and molecular size/weight.

When exposed to an electric field,

biomolecules in the electrophoresis gel move

towards one of the electrodes in a manner

that depends on the molecule’s charge and

molecular size and on the size of the gel

pores/meshes. Thereby, sodium dodecyl

sulfate (SDS) gel electrophoresis is a rapid

qualifying and quantifying method for proteins

that can be separated only by their molecular

weights. SDS binds to hydrophobic domains

of proteins, masking their individual charge

differences. SDS–protein complexes have a

negative charge and can be size-separated

since the resulting charge of the complex is

proportional to the molecular weight of the

protein. During separation, SDS–protein

complexes are attracted to the anode and

separated by enforcement through the porous

gel structure, which allows small proteins to

move very fast, whereas larger molecules show

a significant decelerated mobility. (B) This

principle can be utilized to characterize the

pore size of nanoporous gels. A mixture of

proteins of known size and mass (116.0, 66.2,

45.0, 35.0, 25.0, 18.0, and 14.4 kDa) was driven

by an applied electric field into two different

gels. A standard 12% polyacryl amide gel (A)

leads to certain mobility and a complete

separation of the mixture. (C) Under similar

conditions regarding voltage and time, a 12%

poly (bisacryl polyethylenglycol4000) gel shows

significantly different results: The proteins

move much more slowly, and fewer bands are

observed. This is because molecules above a

certain threshold size become stuck in the gel,

resulting in a band consisting of the remaining

larger molecules.
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6.4

Outlook

The detection and characterization of bioactive molecules represents a field of great

importance for various aspects of our daily life, such as health management, food

quality control, forensic, or environmental protection. Further development aims

to increase the sensitivity and specificity of the assays; other important parameters

are the robustness of the methods and their mobility to enable measurements out-

side dedicated laboratories and at the point of application. Thin molecular layers

on solid substrates with nanometer dimensions are a key component of promis-

ing approaches in this field. Further developments aim for even simpler read-

out schemes (as demonstrated by metal nanoparticle-based assays), label-free

assays, and handheld instrumentation to realize visions such as point-of-care

diagnostics.

Fig. 6.11. Binding of fluorescence-labeled

DNA molecules in a nanoporous hydrogel

demonstrated by fluorescence microscopy. The

gels were prepared with different hydroxy

acrylate concentrations, (a) 0, (b) 1 and

(c) 10 mm, leading to different concentrations

of hydroxy groups in the gel network and,

therefore, different binding capacity of the

biomolecule/DNA loading. The area-related

loading capacity of these reaction spaces is up

to 1000� higher than for plain 2D surfaces.
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148 Lämmli, U., Cleavage of structural

proteins during assembly of the head

of bacterio-phage T4. Nature, 1970,
227, 680–685.

182 6 Biofunctionalization of Metallic Nanoparticles and Microarrays for Biomolecular Detection



7

Conjugation of Nanomaterials with Proteins

Mohammed J. Meziani, Yi Lin, and Ya-Ping Sun

7.1

Introduction

The coupling of biomolecular entities and materials at the nanoscale has the poten-

tial to revolutionize many fields of science and technology, potentially having a sig-

nificant impact on current biomedical technologies, nanoelectronics, and related

areas [1–9]. Because nanoparticles and biomolecules typically have the same nano-

meter length scale, they are natural companions in hybrid systems. The availability

of various nanostructures, such as semiconductor and metal particles and carbon

nanotubes, with controlled properties at the nanoscale makes them extremely at-

tractive candidates for use in biotechnological systems. These nanostructures pos-

sess strongly size-dependent optical, electrical, magnetic, and electrochemical

properties [1–9]. In addition, simple modifications of these nanostructures, e.g. to

their surface layer for enhanced aqueous solubility, biocompatibility or biorecogni-

tion, make them better suited for integration.

In the early stages, nucleic acids were preferentially investigated in the function-

alization of nanostructures because they are more readily available by synthetic

chemical means and more adaptable than proteins [10, 11]. Recently, significant

progress has been made in extending the adaptability of nanostructures with pro-

teins [1, 2, 12–22]. Proteins are involved in almost all biological processes and are

employed in a wide range of forms because of their excellent functional specificity.

Protein-based nanostructures are expected to offer some additional advantages and

play a key role in the development of multifunctional materials and devices for bio-

nanotechnological applications [1, 2, 12–22]. For example, nanostructures provide

numerous complementary systems with a wide range of free energies of associa-

tion. Also, methods for working with these systems are known from standard pro-

cedures in biochemistry and molecular immunology. Indeed, protein recognition

chemistry has been widely applied in diagnostic testing. Future investigations are

predicted to focus on the generation of altered protein building blocks for the self-

assembly of novel biological reaction compartments using today’s powerful tech-

niques of molecular biology. Mutagenesis and protein engineering will allow the

design of recombinant proteins that have optimized recognition capabilities for
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the assembly of distinctively shaped superstructures and have appropriate amino

acid residues for the effective nucleation of organic and inorganic nanomaterials

[1].

The conjugation of nanomaterials with proteins is a very broad field, especially

in the light of recent advances in the development of various nanomaterials. In

this chapter, we focus on nanomaterials based on nanoscale semiconductors and

metals and on carbon nanotubes. Other significant classes of nanomaterials not

covered here include polymeric nanoparticles and related nanostructures [23–27],

fullerenes and derivatives [28–33] etc., which are by no means less important. De-

spite our interest in these other classes [34–39], it is probably better to cover them

elsewhere. In the present chapter, we first provide an overview of current and

emerging approaches in the coupling of metal and semiconductor nanostructures

with proteins and their assemblies in different architectures. We then report recent

achievements in the use of supercritical fluid processing technology as an alterna-

tive process. We also highlight recent successes in the conjugation of carbon nano-

tubes with proteins and the mechanistic issues involved with nanotube–protein

interactions. Finally, we brief summarize the challenges and perspectives in this

interdisciplinary field.

7.2

Coupling of Inorganic Nanoparticles with Proteins

7.2.1

Chemical Functionalization Methods

Wet-chemical preparation of conjugated nanoparticles involves mixing a protein

with modified nanoparticles in solution. The modification of nanoparticles prior

to mixing is usually by chemical functionalization with a linker. Here, the linker

serves three functions: (1) it converts the hydrophobic nanoparticles into hydro-

philic species to enable them to be transferred into aqueous solution, (2) to stabi-

lize the nanoparticles to avoid their uncontrolled particle growth or agglomeration

and (3) it has to recognize the protein (Fig. 7.1). The linker has to be chosen care-

fully for every nanoparticle material. The functional coupling groups in proteins

are either available in the native form or incorporated by chemical means or by

genetic engineering.

Figure 7.1 shows examples of chemical interactions used for the coupling of

nanoparticles with protein molecules. Coupling to the particle surface is frequently

preformed through citrate, thiol, and phosphane groups [1, 2]. With a labile cap-

ping layer, such as citrate, proteins can be linked directly with a metal particle by

exchange reactions with stronger binding ligand. This method has been applied in

the coating of colloidal gold with thiol-containing proteins, such as immunoglobu-

lins (IgG) and serum albumins, which have cysteine residues that are accessible

for heterogeneous interphase coupling [40, 41]. Gold and silver nanoparticles sta-

bilized by citrate ligand have been functionalized with IgG molecules at a high pH,
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slightly above the isoelectric point of the citrate ligand [40]. Coupling was carried

out by an effective binding between the negatively charged citrate groups of the col-

loids and the positively charged amino acid side chains of the protein. Other kinds

of proteins were similarly coupled through electrostatic interactions [42–47], e.g.,

the directed adsorption of heme-containing redox enzymes at citrate-stabilized sil-

ver nanoparticles [42–44]. In a different approach, nanoparticles were also coupled

to proteins by using linkers based on thiols or disulfides and phosphane ligands,

which possess terminal carboxy, amino, and maleimide groups [48, 49]. Here the

coupling is achieved by means of carbodiimide-mediated esterification and amida-

tion or reaction with thiol groups. This strategy was routinely used for histological

purposes by coupling proteins with well-defined 0.8 nm undecagold nanoclusters

stabilized with arylphosphanes [48]. Cyclic disulfide linkers for coupling showed a

better affinity to nanoparticles, and these conjugates are more stable towards li-

gand exchange than those prepared with a single thiol group or acyclic disulfide

units. The high stability is probably a result of attaching the ligands to the nano-

particles through two sulfur atoms. These disulfide linkers have been used in gen-

erating gold nanoparticle–oligonucleotide conjugates as probes for recognizing

specific sequences in DNA segments and as building blocks for assembling novel

structures and materials [50].

The above-mentioned ligands have also been exploited to impart biocompatibility

and bioactive functionalities to semiconductor nanoparticles through surface mod-

ification with biomolecules [10, 11, 16, 51–58]. There has been significant progress

in the understanding of specificity and binding capabilities of proteins toward

nanoscale semiconductor particles. [10, 11, 16, 51–64]. Globular protein bovine se-

rum albumin (BSA) has been one of the widely used proteins. For example, BSA

was used to form a bioconjugate with luminescent CdTe, CdS and CdSe nanopar-

ticles, often referred to as quantum dots (QDs) [56, 61]. Such QDs are character-

Fig. 7.1. Schematic representation of functional groups used

to couple nanoparticles with protein species.
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ized by broad excitation and size-tunable photoluminescence spectra with narrow

emission bandwidths that span the visible spectrum, allowing simultaneous excita-

tion of several particle sizes at a single wavelength. They also have exceptional pho-

tochemical stability and relatively high quantum yields when used as luminescent

probes in biological labeling [17–22]. Mamedova et al. [56] generated bioconjugates

of BSA protein with cysteine-capped 2 nm-sized CdTe nanoparticles by using glu-

taric dialdehyde as a crosslinking agent. Such conjugation was reported to increase

the luminescence intensities of the CdTe nanoparticles, which was attributed to the

possible presence of resonance energy transfer from the tryptophan moieties in

BSA to the CdTe nanoparticles. In a different study by Willard et al. [61] CdSe-

ZnS core/shell particles of @3 nm were coated by chemisorption to biotinylated

BSA, which was specifically attached to tetramethylrhodamine-labeled streptavidin

(Sav-TMR) (Fig. 7.2). In this conjugate, the TMR fluorescence caused by fluores-

cence resonance energy transfer (FRET) from the QD donors to the TMR acceptors

was enhanced. In separate work, the same CdSe-ZnS core/shell nanoparticles,

stabilized by dihydrolipoic acid ligands, were also coated with a recombinant vari-

ant of maltose-binding protein (MBP) containing a pentahistidine segment at its C-

terminus and a single Cy3 fluorophore covalently attached to a distinct cysteine

residue [62]. The binding sites of the approximately 10 MBP molecules per QD

were occupied by b-cyclodextrin-Cy3.5 (b-CD-Cy3.5) conjugates. Also within these

defined conjugates, the protein-bound Cy3 served as a bridging acceptor/donor for

energy transfer from the QD to the maltose-displaceable b-CD-Cy3.5.

In many other cases, however, a simple thiol bond to the particle surface was not

sufficient to accomplish a permanent linkage. Instead, an equilibrium is estab-

lished, with dynamic ligand exchange. To avoid this, a shell of silica is often grown

on the particle by means of a sol–gel technique, and the linkage groups pointing

outward are added as functionalized alkoxysilanes during the polycondensation

process [17]. Recently, thiolated DNA has been linked to the surface of silanized

CdSe/ZnS particles through a heterofunctional linker. On an ideally shaped sur-

face, the number of linkage groups should be adjustable, and inert functional

groups that determine the solubility and the surface potential of the particles

should be added. The linkage groups of the ligands should adhere to the crystallite

surface as much as possible, and the ligands should be covalently linked together

to avoid exchange completely.

Two fascinating examples of coupling biomolecules with inorganic nanoparticles

have been reported recently. One, by Ishii et al. [58], used a wrapping approach to

encapsulate 2–4 nm-sized CdS particles within chaperonin proteins. The chapero-

nin proteins GroEL and T.th encapsulate denatured proteins inside a cylindrical

cavity. After refolding, the encapsulated proteins are released by the action of

ATP, which induces a conformational change in the chaperonin’s cavity. These pro-

teins are characterized by a cylindrical cavity with a diameter of 4.5 nm and a wall

thickness of 4.6 nm. For complexation, a solution of 2–4 nm-sized CdS particles in

dimethylformamide was mixed with an aqueous solution of the chaperonin pro-

teins in Tris–HCl buffer. The characteristic photoluminescence of the CdS par-

ticles within the chaperonin–CdS nanoparticle complex lasted for an unusually
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long time (more than 400 days) in the presence of GroEL complexes; in the ab-

sence of GroEL, photoluminescence disappeared within 2 hours. The second exam-

ple, reported by Willner and et al. [64], consisted of nanowiring redox enzymes

with gold nanoparticles to enhance the routing of electrons from the enzymes to

electrodes. An ‘‘electrical nanoplug’’ was obtained by assembling an Au nanopar-

ticles (1.4 nm)–glucose oxidase (GOx) conjugate at the macroscopic Au electrode.

The bridge between the macroscopic electrode and the gold nanoparticles con-

sisted of dithiol spacer units. Investigation of the catalytic properties of the assem-

bly by cyclic voltammetry revealed that glucose oxidation occurred with a unimolec-

ular electron-transfer seven times higher than the electron-transfer rate constant of

native GOx with O2.

Fig. 7.2. (a) Scheme of a FRET system

assembled by chemisorption of thiol-modified

biotinylated BSA to CdSe (QD) and subsequent

coupling of TMR-STV. (b) Fluorescence emis-

sion spectra from solutions containing@15 nm

QD-bBSA and 0 (–), 16 (–y–), 40 (–yy–),

80 (– – –), 120 (– – –), and 160 nm (yyy)

SAv-TMR. The lower solid curve is from a

160 nm SAv-TMR control. An excitation wave-

length of 400 nm was used for all samples.

Inset: enhanced TMR fluorescence intensity

at 585 nm from QD-bBSA/SAv-TMR solutions

as a function of SAv-TMR concentration.

(From Ref. [61].)
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While the use of surface-modified nanoparticles has been a typical route in pre-

paring conjugates, the linker and chemical functionalization for the modification

are added complications to an already sophisticated conjugate system. However,

despite some obvious advantages, direct conjugation of biological species to inor-

ganic nanoparticles has not been a common practice. This is probably a result of

the generally incompatible experimental conditions required for biological species

and for the formation and stabilization of nanoparticles. Some recent examples of

direct coupling are highlighted below.

7.2.2

Protein-assisted Assemblies of Inorganic Nanoparticles

Self-assembly processes represent the state-of-the-art for organizing nanoscale ob-

jects into periodically ordered macroscopic materials. While this biomimetic pro-

cess is not new, scientists have only recently begun to realize its potential for the

artificial control of matter. This interesting class of nanomaterials provides excep-

tional potential for a wide variety of applications, including photonic and memory

devices, two-dimensional (2D) arrays of magnetic nanoparticles [65–70]. Methods

developed to produce these bulk-like hierarchical structures include biomimetic

methods and amphiphile and colloidal templating, among others. In this section,

we review only those approaches related to the use of proteins as crosslinkers, or as

templates (assemblies and systems), in the organization and patterning of inor-

ganic nanoparticles into two- and three-dimensional functional structures.

7.2.2.1 Crosslinking Route through Protein Recognition

Protein molecules can serve as crosslinkers because of their tremendous recogni-

tion capabilities. Their coupling to nanoparticles has generally been performed in

three ways (Fig. 7.3): (a) nanoparticles are functionalized with individual recogni-

tion groups that are complementary; (b) particle-bound recognition groups are

bridged through a bispecific linker molecule; and (c) a bispecific linker that directly

recognizes the surfaces of the nanoparticles is used.

One protein system with highly specific recognition properties consists of anti-

bodies and antigens, which are excellent candidate molecules for the programmed

assembly of a wide range of nanoparticles in solution. Shenton et al. [40] first re-

ported a strategy based on the surface attachment of either IgE or IgG antibodies

followed by interparticle conjugation of gold and silver in the presence of bivalent

antigens with appropriate double-headed functionalities (Fig. 7.3). The resulting

structures were in the form of macroscopic filaments that consisted of a network

of spatially separated Au and Ag nanoparticles. Similarly, streptavidin (STV)–biotin

binding has been used to assemble nanocrystals in solution or onto a substrate.

The STV–biotin interaction is considered the strongest ligand–receptor interaction

currently known [12, 13]. Another great advantage of STV is its extreme chemical

and thermal stability. Connolly and Fitzmaurice [13] used this approach to

functionalize gold nanocrystals by chemisorption of a disulfide biotin analogue

(DSBA), and then crosslinked by multi-site binding on subsequent addition of the
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protein, streptavidin. The applicability of the STV–biotin system for generating

supramolecular aggregates is also enhanced by the availability of various biotin

analogues [71, 72] and recombinant STV mutants [73–77].

Today, with the power of biotechnological innovations, it is also possible to gen-

erate new proteins that can specifically recognize and grow inorganic ‘‘building

blocks’’ (Fig. 7.4). This is a promising approach for selecting peptides that can rec-

ognize specific inorganic crystals and crystallographic orientations of nonbiological

origin, including InP, GaAs, and Si [52], and can control II–VI (ZnS, CdS, CdSe,

ZnSe, and PbS) semiconductor nanocrystal size, crystal structure, shape, and opti-

cal properties.

To identify the appropriate compatibilities and combinations of biological-

inorganic materials, a combinatorial library of genetically engineered M13 bacterio-

phage was used to rapidly select peptides that could not only recognize but also

control the growth of specific inorganic materials (Fig. 7.4). The phage display

library is based on a combinatorial library of random peptides of a given length

(e.g., 7 or 12 mers) that are fused to the pIII minor coat protein of the filamentous

coliphage M13. Five copies of the fused random pIII coat protein are located on

one end of the phage particle and account for 10–16 nm of the particle. Belcher

and co-workers [52] used phage display to select peptide sequences with binding

specificity for III–V semiconductor materials based on pIII minor coat protein ex-

pression. Brown [78] used repeating polypeptides displayed on the surface of the

Fig. 7.3. (a) Scheme showing the approaches

based on protein recognition systems for

the assembly of nanoparticles in solution.

(b) Example of TEM images showing colloidal

Au/anti-dinetrophenyl DNP antibody conjugate

before (left) and after (right) addition of

DNP-DNP double-headed antigen. Scale bars

150 and 60 nm, respectively. (From Ref. [40].)
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bacterium Escherichia coli to bind selectively to metal particles. Selected viral-bound

pIII peptides can also be used to nucleate II–VI materials for which they were se-

lected [79]. Highly ordered composite material from genetically engineered M13

bacteriophage and ZnS nanocrystals has been generated by using a liquid crystal

system (Fig. 7.4) [80–82]. The nucleating peptides have also been expressed in

higher copy number along the protein VIII (pVIII) major protein coat of the virus,

facilitating the organization of II–VI nanocrystals into highly ordered nanowires

[83]. Recently, a virus-based scaffold produced through the self-assembly motifs

employed by the M13 bacteriophage was used as a template for the synthesis of

single-crystal ZnS, CdS, and freestanding chemically ordered CoPt and FePt nano-

wires, with the means of modifying substrate specificity through standard biologi-

cal methods [84].

7.2.2.2 Template-directed Approach

An alternative approach to establish nanoparticle organization in supramolecular

architectures involves the in situ formation of nanoparticles within preformed

biological or biomimetic templates; in particular, those based on regular 2D lattices

of bacterial cell surface proteins and hollow biomolecular compartments such as

virus particles.

Crystalline bacterial cell surface layers (S-layers) are one of the most common

outermost cell envelope components of a broad spectrum of bacteria and archaea.

These S-layers are monomolecular arrays composed of a single protein or glycopro-

tein species and represent the simplest biological membranes developed during

evolution. S-layer lattices exhibit either oblique, square or hexagonal lattice sym-

metry with unit cell dimensions in the range of 3–30 nm, and they are generally

H————————————————————————————————————————

Fig. 7.4. Left-hand side: scheme of the

process used to generate nanocrystal

alignment by the phage display method. Right-

hand side: (a) Characterization of the liquid

crystalline suspensions of A7 phage-ZnS

nanocrystals (A7-ZnS) and cast film. (A)

Characteristic fingerprint texture of the

cholesteric phase of an A7-ZnS suspension

(76 mg mL�1). (B) AFM image of a cast film

from an A7-ZnS suspension showing close-

packed structures of the A7 phage particles.

(b) (A) Scheme of the individual A7 phage

and ZnS nanocrystals. (B) TEM image of an

individual A7 phage and ZnS nanocrystals,

stained with 2% uranyl acetate. (C) Schematic

of the micelle-like structures, in which ZnS

nanocrystal aggregates are surrounded by A7

phage. (D) The sample shows that 100 to 150

nanocrystals formed aggregates. (E) High-

resolution TEM image of A7-ZnS suspension,

showing lattice fringe images of wurtzite ZnS

nanocrystals. (From Ref. [80].) (c) Phage

recognition of semiconductor heterostructures;

fluorescence images related to GaAs

recognition by phage. (From Ref. [52].)

(d) Visualization of the M13 bacteriophage

and subsequent nanowire synthesis. (A) The

nanowire synthesis scheme is visualized for

the nucleation, ordering, and annealing of

virus-particle assemblies. (B) Bright-field TEM

image of an individual ZnS single-crystal

nanowire formed after annealing. Inset, upper

left: ED pattern along the [001] zone axis,

showing a single-crystal wurtzite structure

of the annealed ZnS nanowire. Inset, lower

right: Low-magnification TEM image showing

the monodisperse, isolated single-crystal

nanowires. (C) TEM image of the unannealed

CoPt nanoparticle-virus system. Inset: STEM

image of the unannealed CoPt wires. (From

Ref. [84].)
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5–10 nm thick and show pores of identical size (diameter, 2–8 nm) and morphol-

ogy. The availability of these regular pores within the 2D protein crystal S-layers

has allowed controlled nucleation of inorganic nanoparticles into ordered arrays

(Fig. 7.5) [85].

Recently, it was demonstrated that S-layer proteins recrystallized on solid sup-

ports, or S-layer self-assembly products deposited on such supports, may be used

to induce the formation of CdS particles [86] or gold nanoparticles [87, 88]. Inor-

ganic superlattices of CdS with either oblique or square lattice symmetries were

prepared by exposing self-assembled S-layer lattices to CdCl2 solutions followed by

slow reaction with H2S. Precipitation of the inorganic phase was confined to the

pores of the S-layers, with the result that CdS superlattices with prescribed symme-

tries were prepared. In a similar procedure, a square superlattice of uniform 4 to

5 nm-size gold particles with a 12.8 nm repeat distance was generated [87]. In

this procedure, a square S-layer lattice chemically modified with thiol groups was

exposed to tetrachloroauric(iii) acid and then electronically irradiated through TEM.

Fig. 7.5. (a) Different S-layer lattice types with

oblique (p1, p2), square (p4), or hexagonal

(p3, p6) symmetry. (b) Isolation of S-layer

proteins from bacterial cells and their reassem-

bly into crystalline arrays in suspension.

(c) TEM image of gold nanoparticles

prepared by using a square S-layer lattice.

(From Ref. [85].)
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The shape of the gold particles resembled the morphology of the pore region of the

square S-layer lattice. Electron-diffraction patterns revealed that the gold nanopar-

ticles failed to form a perfect lattice. These experiments were repeated with a broad

range of metal salts, such as PdCl2, NiSO4, KPtCl6, Pb(NO3)2, and K3Fe(CN)6 [89].

In general, the inner cavities of the protein layer serve as localized reservoirs of

cations that are reduced in situ to metal clusters under the electron beam. These

experiments clearly demonstrated that nanocrystal superlattices can be induced by

S-layers as templates with a broad range of particle sizes (5–15 nm in diameter),

interparticle spacings (up to 30 nm), and lattice symmetries (oblique, square or

hexagonal).

Other processes dealing with the hollow protein compartments have also yielded

fascinating results in the generation and assembly of nanoparticles (Fig. 7.6). For

instance, the ferritin-like protein of the bacteria Listeria innocua [90] and the cow-

pea chlorotic mottle virus (CCMV) [91] furnished a suitable constrained reaction

environment for the synthesis of monodisperse inorganic nanoparticles since they

have hollow spherical supramolecular structures with internal cavity diameters of 5

and 18–24 nm, respectively. In both systems, the interior surfaces have regions of

high charge density, which act as sites for synthetic mineral nucleation. Iron oxide

particles of about 5 and 27 nm, respectively, were generated through incubation of

these protein templates with iron(ii) solutions at controlled pH and temperature

followed by oxidation [90, 91]. The organization of these bioinorganic nanopar-

ticles into network structures was also explored, e.g., through the coupling of

biotin recognition groups to the ferritin and then conjugation in solution with

streptavidin [14]. In other work, iron oxide nanoparticles of about 8 nm were also

synthesized within the cavity of lumazine synthase protein [92].

Similarly, wild-type and recombinant tobacco mosaic virus (TMV) hollow cylin-

ders have been used as templates to generate inorganic-organic nanotube compo-

sites by means of template mineralization [93–96]. The highly polar exterior sur-

face of TMV has been used for surface mineralization of iron oxyhydroxides, CdS,

PbS, and silica [95]. These materials form a thin coating over the virus nanorod,

affording inorganic nanofibrils 20–30 nm in diameter and as long as 1 mm. Dujar-

din et al. [96] recently used TMV as a template for the alignment and controlled

deposition of Pt, Au, and Ag nanoparticles. By varying the deposition conditions,

they demonstrated that one can either specifically decorate the external surface

with metallic nanoparticles via the chemical reduction of [PtCl6]2 – or [AuCl4]2 –

or obtain constrained growth of Ag nanoparticles within the 4 nm internal channel

present in the virus through the photochemical reduction of Ag salts. In principle,

as suggested by these investigators, 1D arrays of a wide range of quantum dots

should become accessible by engineering and templated mineralization of the in-

ternal and external surfaces of TMV tubules. Microtubules prepared by polymeriza-

tion of the protein tubulin have also been utilized as templates for the synthesis of

inorganic nanomaterials [97].

The above examples demonstrate that sophisticated nanostructured architectures

can be designed when protein molecules and nanoparticles are combined. Future
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development in this field will benefit from the rapid advances being made in

chemistry and protein technology. However, there is still a great demand for alter-

native methods to resolve typical problems that arise in the biofunctionalization of

inorganic nanoparticles. In particular, harsh reaction conditions often lead to the

degradation and inactivation of sensitive biological compounds, and to the forma-

tion of unstable bioconjugates because of ligand-exchange reactions that occur at

the colloid surface. Among other limitations associated with these processes are ex-

cessive solvent use, disposal and trace residues, and multi-step operations.

Fig. 7.6. (a) (left): Hollow protein cages used

for the growth of inorganic nanoparticles;

(right) schematic and TEM images showing

biotin–streptavidin crosslinking of inorganic

magnetic nanoparticles encapsulated within

ferritin. (From Ref. [14].) (b) (left): Image

reconstructions of spherical viruses with dif-

ferent diameters: equine herpes (100 nm), cauli-

flower mosaic (50 nm), and CCMV (26 nm).

(right) TEM images of (A) assembled

CCMV virions mineralized with cores of

(NH4)10H2W12O42 showing electron dense

mineral particles and (B) negatively stained

samples of mineralized CCMV, showing the

presence of the protein coat surrounding each

mineral particle. (From Ref. [54].) (c) (left):

Synthesis of nanotube composites using TMV

templates. (right) Example TEM image of CdS-

mineralized TMV particles, scale bar 50 nm.

(From Ref. [95].)
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7.2.3

Supercritical Fluid Methods

Supercritical fluid (SCF) technology in nanomaterial preparation and processing is

one alternative method in the biofunctionalization of inorganic nanoparticles that

shows great promise in addressing many of the challenges highlighted above.

SCFs are solvents operating above their critical temperature and pressure. Among

the most important properties of SCFs are their low and tunable densities, which

can be easily varied from gas-like to liquid-like via a simple change in pressure

at constant temperature. Numerous investigations have been conducted on SCFs

[98–103]. Results have demonstrated their unique advantages as alternative media

for both chemical reactions and materials processing. Example applications and re-

lated advantages are their use as environmentally benign solvents [98], the ability

to selectively tune chemical reactions or processes [104–110], enhancement of re-

action rates due to the low viscosities or high diffusivities in the fluids [109–110],

the ability to solvate or precipitate solutes selectively [111], and the production of

fine particles and fibers via rapidly expanding SCF solutions [112, 113].

Among the most widely investigated techniques for the processing of fine par-

ticles are SAS (Supercritical Anti-Solvent) [114–117] and RESS (Rapid Expansion

of Supercritical Solutions) [118–123]. These techniques have comprehensively re-

viewed [102, 103]. Briefly, in RESS the solute is dissolved in a SCF, and then the

solution is rapidly expanded through a small nozzle or orifice into a region of

lower pressure [114, 118, 124, 125]. The rapid reduction in pressure (and thus,

density) results in rapid precipitation of the solute. Experimentally, the supercriti-

cal solution can be generated either by heating and pressurizing a solution from

room temperature or by continuously extracting the solute using an extraction col-

umn [125]. The RESS process is driven by a decrease in pressure, which can prop-

agate at up to the speed of sound in the expansion nozzle. Because solubilities in

SCFs can be up to a million times higher than those under ideal gas conditions,

rapid expansion from supercritical pressure to ambient pressure results in ex-

tremely high supersaturation (and, consequently, homogeneous nucleation of the

solute), leading to narrow size distributions in the products. Cosolvents, such as

methanol or acetone, can be mixed with carbon dioxide (CO2) to increase the sol-

vating power in RESS.

Because some compounds in commonly used SCFs have low solubility, the SAS

process was developed. In SAS precipitation, one or more solutes immiscible with

SCF are dissolved in a conventional solvent that is miscible with SCF. The solution

is then ‘‘mixed’’ with the SCF to precipitate the solute particles. This can be

achieved by introducing the SCF into a batch of solution in a chamber or by spray-

ing solution through a nozzle into an SCF-filled chamber. A variation of this pro-

cess is to mix solution and SCF continuously in a co-current or a counter-current

fashion. Other minor variations of this mode of operation of antisolvent process

are the bases for several techniques now in use, including Precipitation with Com-

pressed Antisolvent (PCA), Solution Enhanced-dispersion by Supercritical fluids

(SEDS), and Aerosol Supercritical Extraction System (ASES) [126–128]. All these
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processes have been used to produce micron and submicron particles from various

materials, including inorganics (metal, semiconductor), polymers, proteins, and

other small organic molecules such as drugs [102, 103]. For example, several phar-

maceutical compounds, such as lovastatin, stigmasterol, salicylic acid and theo-

phylline, have been processed via RESS into micron- and sub-micron-sized par-

ticles [102]. Several reports have also considered using the RESS process for the

direct formulation of drug:polymer systems by a co-precipitation strategy. The

SAS process also produced micron-sized particles of proteins such as insulin, lyso-

zyme and trypsin. Adding a polymer to the system as a carrier may furnish active

protein-loaded microparticles.

Results from these experiments and others suggest that these processes gener-

ally produce micron- or submicron-sized particles [113, 129–132]. For nano-sized

particles, Sun and co-workers [102, 103] made a simple but significant modifica-

tion to the traditional RESS by using a liquid solvent or solution at the receiving

end of the supercritical solution expansion, or the Rapid Expansion of a Supercrit-

ical Solution into a Liquid SOLVent (RESOLV). The RESOLV process produces ex-

clusively nanoparticles from various materials [59, 60, 102, 103, 133–140]. For ex-

ample, cadmium sulfide (CdS) nanoparticles of @3 nm in average diameter have

been prepared using RESOLV by rapidly expanding a supercritical ammonia solu-

tion of Cd(NO3)2 into a room-temperature aqueous or ethanol solution of Na2S

[133]. The nanoparticles so-produced could be prevented from aggregating by the

presence of a polymeric or other protection agent in the receiving solution [133].

The same RESOLV process with a similar reaction scheme has been applied to

the production of many other metal and semiconductor nanoparticles. These nano-

particles are all small, on average less than 10 nm in diameter, and are protected to

form stable suspensions [59, 60, 102, 103, 133–138]. As recognized by Sun and co-

workers [59, 60, 138], a unique feature of the RESOLV process for nanoparticle

production is that it requires no nanoscale templating agents for nanoparticle

formation because the templating effect is provided by the supercritical fluid rapid

expansion process, thus offering a clean way to directly couple nanoparticles with

biological species. For example, Sun and co-workers have demonstrated recently

that the metal and semiconductor nanoparticles coated directly with natural pro-

tein species could be prepared in the RESOLV process [59, 60, 138]. Figure 7.7

shows a typical RESOLV apparatus for preparing protein-conjugated nanoparticles.

7.2.3.1 BSA-conjugated Silver Nanoparticles

An example use of RESOLV in the direct conjugation of nanoparticles with pro-

teins is the coupling of nanoscale Ag with bovine serum albumin (BSA) [138]. Typ-

ically, a methanol solution of AgNO3 was added to the syringe pump, followed by

evaporation of the solvent methanol. The syringe pump was then filled with liquid

ammonia. When pumped through the heating unit, the ammonia solution of

AgNO3 was heated and equilibrated at 160 �C before reaching the expansion noz-

zle. The supercritical solution was rapidly expanded via a 50 mm fused silica capil-

lary nozzle into a room-temperature aqueous solution of N2H4 or NaBH4. The sys-

tem pressure was kept constant during the rapid expansion. BSA protein was in
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the aqueous receiving solution for direct conjugation with the Ag nanoparticles as

they form in the rapid expansion process.

The BSA-conjugated Ag nanoparticles form a stable aqueous suspension that re-

sembles a homogeneous solution. As shown in Fig. 7.8(a), the surface plasmon ab-

sorption band (@420 nm) of the Ag nanoparticles broadens upon protein conjuga-

tion, reflecting changes in nanoparticle surface properties due to interactions with

the protein species. X-Ray powder diffraction analyses of the solid-state samples

(Fig. 7.8a) confirmed the expected presence of nanoscale Ag (fcc) particles. Figure

7.8(b) shows the low and high-resolution TEM images of BSA-protected Ag nano-

particles with hydrazine reductions. The average particle size and size distribution

standard deviation are 43 and 10 nm, respectively. These nanoparticles appear to be

polycrystalline with multiple misaligned lattice fringes, suggesting that the BSA-

protected Ag nanoparticles are probably agglomerated smaller nanoparticles. Gel

electrophoresis, used to analyze the conformation of BSA protein conjugated to

Ag nanoparticles, showed two bands corresponding to BSA monomer and dimer

that were much weaker in the nanoparticle sample than in the blank BSA sample;

most of the nanoparticle sample becomes stationary, appearing at the gel onset.

These low mobility species are probably BSA-protected Ag nanoparticles.

The assembly of smaller Ag nanoparticles produced initially in RESOLV with

chemical reduction is likely driven by protein aggregation to form larger, but rela-

tively well-organized, structures of Ag nanoparticles (Fig. 7.8c).

7.2.3.2 BSA-conjugated Semiconductor Nanoparticles

BSA-conjugated Ag2S and CdS nanoparticles have also been prepared via the RE-

SOLV procedure [59, 60]. Similar experimental parameters were used to produce

Ag2S and luminescent CdS nanoparticles. Here, a supercritical ammonia solution

of AgNO3 or Cd(NO3)2 was used in the rapid expansion and a room-temperature

aqueous solution of Na2S (10 mg mL�1) was at the receiving end. After rapid ex-

Fig. 7.7. Experimental setup for preparing protein-conjugated

Ag2S nanoparticles via RESOLV [60].
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pansion was complete, the ambient suspension of nanoparticles was transferred to

membrane tubing with large pore sizes for dialysis to remove free BSA and other

salts and reagents.

BSA-conjugated Ag2S nanoparticles thus produced in RESOLV form a yellowish

suspension without precipitation under ambient conditions. The UV/Vis absorp-

tion spectrum of the nanoparticle suspension is a structureless curve with gradu-

Fig. 7.8. (a) UV/Vis absorption spectrum

(left) and X-ray powder diffraction pattern

(right) of the BSA-conjugated Ag nanoparticles

prepared via RESOLV. (b) TEM images of BSA-

conjugated Ag nanoparticles. (c) Scheme

illustrating the assembly of smaller protein-

conjugated Ag nanoparticles into larger and

organized structures, driven by protein

aggregation. (From Ref. [138].)
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ally increasing absorbance towards shorter wavelengths, indicating that these

nanoparticles are quantum confined. According to TEM analyses (Fig. 7.9), the

BSA-conjugated Ag2S nanoparticles are well-dispersed, mostly single crystals, with

an average particle size of 6.3 nm and a size distribution standard deviation of

1.6 nm.

Atomic force microscopy (AFM) results (Fig. 7.10) provide strong evidence for

well-dispersed Ag2S nanoparticles uniformly coated with BSA in a core/shell-like

Fig. 7.9. TEM images of BSA-conjugated Ag2S nanoparticles

prepared via RESOLV and then dialysis. (From Ref. [60].)
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arrangement, with overall circular features of 20–30 nm (the larger apparent

particle size is due to the tip convolution effect [141]).

Similarly, a yellowish homogeneous suspension of BSA-conjugated CdS nano-

particles was obtained after dialysis. Apparently, interactions between BSA protein

species and CdS nanoparticles are relatively strong to sustain the conjugation [59].

The UV/Vis absorption spectrum of the suspension exhibits a well-defined peak at

320 nm (Fig. 7.11a), indicating that the BSA-conjugated CdS nanoparticles are

around 2–3 nm in diameter [142]. According to powder X-ray diffraction analysis,

the nanoparticle sample is probably a mixture of cubic and hexagonal CdS. TEM

results (Fig. 7.11b) show that the CdS nanoparticles are mostly single crystals

with an average particle size of 2.9 nm and a size distribution standard deviation

of 0.7 nm.

BSA protein species conjugated to the CdS nanoparticle surface have been vi-

sualized via AFM imaging (Fig. 7.12a). These images are dominated by circular

features of around 20 nm in size, which are consistent with well-dispersed individ-

ual CdS nanoparticles that are each coated with BSA protein species in a core/

shell-like arrangement [59]. The presence of BSA on the CdS nanoparticle surface

is also made evident by the well-known affinity of the conjugate to the surface of

nanoscale gold (Fig. 7.12b) [16, 143].

BSA-conjugated CdS nanoparticles produced via RESOLV have interesting lumi-

nescence properties (Fig. 7.13). The luminescence spectrum has a relatively narrow

bandwidth close to the absorption onset with no surface defect emissions at long

wavelengths. This is primarily the exciton emission associated with band-gap

excitation [142]. The observed luminescence quantum yield is high, @20% with

Fig. 7.10. Height (left) and phase (right) images from the

AFM analysis of BSA-conjugated Ag2S nanoparticles prepared

via RESOLV and then dialysis. (From Ref. [60].)
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reference to the fluorescence standard 9,10-diphenylanthracene, which is also con-

sistent with substantial contributions from exciton emission [142]. The rapid ex-

pansion of supercritical ammonia solution may have a special passivation effect

on the nanoparticle surface [133], suppressing the surface defect luminescence

and enhancing the exciton emission from the CdS nanoparticle [133, 142, 144].

Conversely, the broad emission seen for CdS nanoparticles generated by other

methods, such as those encapsulated in the micelles of sodium dioctyl sulfosucci-

nate (AOT) [145], is due primarily to energy trapping states associated with surface

defects [142, 144, 145].

BSA protein species conjugated to the Ag2S and CdS nanoparticles through the

RESOLV process remain intact, according to the modified Lowry assay for total pro-

tein analysis [146–148]. BSA conjugation serves the dual purposes of stabilizing

these nanoparticles to prevent agglomeration in aqueous suspension and introduc-

ing biocompatible functionalities into these nanoparticles for further biological in-

teractions or couplings (e.g., antibody attachment).

Fig. 7.11. (a) UV/Vis absorption spectrum (left) and X-ray

powder diffraction pattern (right) of the BSA-conjugated CdS

nanoparticles. (b) TEM images of the BSA-conjugated CdS

nanoparticles. (From Ref. [59].)
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Mechanistically, the relatively strong interactions between BSA and these semi-

conductor nanoparticles (strong enough to remain stable in dialysis) are worth

noting. BSA protein contains 60 amino moieties in lysine residues, 26 arginine

moieties in guanidino side chains, and also 17 disulfide bonds with one free

thiol in cysteine residues [149]. These functionalities are probably responsible for

the conjugation to these nanoparticles through thiolate linkages and/or weak

covalent bonds with alkylamines [150–152].

7.2.3.3 Assembly and Disassembly of Nanoparticles through Protein Isomeric

Conversion

Protein-conjugated semiconductor nanoparticles produced through the supercriti-

cal fluid processing method RESOLV can also be organized into supramolecular

architectures by simply using isomeric conformations of proteins. For example,

Fig. 7.12. (a) Height (left) and phase (right) images from the

AFM analysis of BSA-conjugated CdS nanoparticles. (b)

Scanning TEM (Z-contrast mode) image for the coating of

colloidal gold by BSA-conjugated CdS nanoparticles. (From Ref.

[59].)
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Meziani et al. [60] have demonstrated the possibility of assembling and disassem-

bling BSA-conjugated Ag2S and CdS nanoparticles by adjusting solution pH.

Under high pH conditions (pH@ 12), BSA is expected to be in the aged form, in

which the protein drastically expands and forms soluble aggregates through inter-

molecular disulfide exchanges [60]. Aggregation is reflected by the clustering of

these nanoparticles, as observed in AFM images of the Ag2S sample (Fig. 7.14).

In these clusters, individual Ag2S nanoparticles are still separated by protein spe-

cies and protected from agglomeration into larger Ag2S nanoparticles. At neutral

Fig. 7.13. Luminescence spectrum of BSA-conjugated CdS

nanoparticles in a stable aqueous suspension (—) compared

with that of the similarly sized CdS nanoparticles prepared and

encapsulated in AOTmicelles (– –). (From Ref. [59].)

Fig. 7.14. AFM height (left) and phase (right) images of

BSA-conjugated Ag2S nanoparticles at high pH@ 12. (From

Ref. [60].)

7.2 Coupling of Inorganic Nanoparticles with Proteins 203



pH, the BSA protein coating the well-dispersed Ag2S nanoparticles (Fig. 7.10) is

predominantly in the native form. This pH-dependent assembly and disassembly

of BSA-conjugated Ag2S nanoparticles, driven by the isomeric conversion of the

protein, is qualitatively reversible [60]. In the isomeric conversion, BSA protein is

relatively unharmed at high pH and, for the most part, can return to its native con-

figuration, thus making it possible to maintain the reversibility (Fig. 7.15).

In summary, the supercritical fluid processing method RESOLV can be used

effectively as an alternative and unique way of producing clean, active protein-

conjugated nanoparticles. Since the nanoparticle formation involves no templating

agents in an aqueous environment, the method can enable direct conjugation of

nanoparticles to proteins. These protein-conjugated nanoparticles are stable (with-

out agglomeration and precipitation) in an aqueous suspension, and the protein

species associated with the nanoparticles remain intact, and are amenable to

further biofunctionalizations. The produced semiconductor nanoparticles, such as

CdS, can have strongly luminescent features, which are particularly valuable in

biosensor-related applications.

7.3

Coupling of Carbon Nanotubes and Proteins

Among various large-aspect-ratio nanomaterials, carbon nanotubes possess unique

and rich physical and chemical properties because of the one-dimensional struc-

tural arrangement of a chemically versatile element [153–156]. Conceptually, car-

bon nanotubes may be formed by rolling graphene sheets into tubular structures

– single-walled carbon nanotubes (SWNTs) from a single graphene layer and

multiple-walled carbon nanotubes (MWNTs) from multiple layers [153]. The chiral

vector for rolling-up ðCh ¼ na1 þma2Þ, often referred as the chiral index ðn;mÞ,
uniquely defines the diameter ðdÞ and the chiral angle ðyÞ of the SWNT (Fig.

Fig. 7.15. Scheme illustrating the assembly and disassembly of

BSA-conjugated semiconductor nanoparticles due to changes

in BSA conformations at different solution pHs. (From Ref.

[60].)
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7.16) [Eqs. (1) and (2), where ac�c (@0.142 nm) is the nearest neighbor CaC

distance].

d ¼
ffiffiffi
3

p
ac�c

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 þ nm þm2

p
ð1Þ

y ¼ tan�1½
ffiffiffi
3

p
m=ð2nþmÞ� ð2Þ

The chiral index also directly determines the electronic structure of the nanotube:

metallic when ðn�mÞ=3 is integer (‘‘semi-metallic’’ if n0m) and otherwise semi-

conducting [154].

Biological applications of carbon nanotubes through their integration with bio-

active molecules in particular have been investigated both in solution phase and

in solid state [157–163]. For solution-phase applications, such as substance delivery

[163–168], pathogen detection [169, 170], and other biomedical applications, the

nanotubes should be dispersible or soluble in physiological environments. Thus,

the aqueous solubilization of carbon nanotubes is essential [158, 159, 161–163],

and has benefited enormously from recent developments in the chemical function-

alization of nanotubes [171–175]. Examples of solid-state bioapplications of carbon

nanotubes include scaffolds for cell growth [162, 176–178], biosensors and biocata-

lytic electrochemical devices [157, 160, 179], electromechanical devices [180], sharp

scanning microscopy probes [181], etc.

Protein–carbon nanotube conjugates were among the earliest and most popular

topics in multidisciplinary research efforts on the bioapplications of nanotubes.

These conjugates may be formed either non-specifically or specifically (see below).

Examples in various related applications are also reviewed below.

Fig. 7.16. Conceptual formation of carbon nanotubes by rolling up a graphene sheet.
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7.3.1

Non-specific Adsorption

Like other nanomaterials, carbon nanotubes have a high surface area, but with a

surface of quantum-confined conjugated carbon networks. However, it was the

nanometer-sized hollow interior of these tubular species that drew most initial at-

tention, stimulating the imagination that they could be used as carriers to encapsu-

late and deliver bioactive species to selected targets [182–185]. As supportive evi-

dence, some enzymes encapsulated in MWNTs seemed to retain their biocatalytic

properties [183]. However, the encapsulate-and-deliver idea is still a matter of

theory since there has been no report of the controlled release of these encapsu-

lated species from nanotubes at any targeted site. Furthermore, problems with

such encapsulation are far from resolved.

The early experiments on encapsulating proteins into nanotubes revealed that

proteins were adsorbed on the MWNTexterior surface [185]. This phenomenon be-

came widely known when Balavoine et al. [186] found that streptavidin and HupR

readily adsorbed onto the MWNT surface, with the adsorbed proteins sometimes

even forming helical array structures along the nanotube sidewall. Although the

reproducibility for the ordered arrays was poor, these results suggested strongly

that there are indeed competent noncovalent and non-specific interactions between

carbon nanotubes and protein species.

Despite efforts to ensure the specific conjugation of carbon nanotubes and pro-

teins (Section 7.3.2), several groups realized that non-specific interactions between

these two entities are almost inevitable. Dai and co-workers [179, 187] reported that

streptavidin, avidin, BSA, a-glucosidase, and staphylococcal A are adsorbable to

SWNTs. Similarly, Azamian et al. [188] found that proteins with different isoelec-

tric points, such as cytochrome c (pI@ 10.8) and ferritin (pI@ 4.6), exhibit similar

affinity toward SWNTs (Fig. 7.17).

Since ferritin contains an iron core, Lin et al. [189] used it as a model protein to

study protein–nanotube interactions in aqueous media via TEM. It was qualita-

tively but unambiguously demonstrated that non-specific interactions between

ferritin and SWNTs were so significant that the nanotubes were solubilized in

water as a result. In agreement with reports by Azamian et al. [188], the ferritin–

nanotube conjugation via such non-specific interactions was quite similar to that in

the presence of special reagents for covalent coupling during reaction. Despite the

visual similarity, the non-specific conjugates were much less stable than covalent

ones (Section 7.3.2) [189].

Fig. 7.17. AFM image of a cytochrome c–SWNT conjugate

from non-specific adsorption. Scale bar ¼ 90 nm. (From Ref.

[188].)
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Rege et al. [190] reported enhanced retention of the enzymatic activity of a-

chymotrypsin (CT) embedded in polymer–SWNT composite films compared with

those without nanotube fillers. They speculated that this could be a consequence

of enzyme–nanotube hydrophobic interactions that slowed the leaching of en-

zymes from the films. However, other reported results contradict this conclusion.

As recently reported by Karajanagi et al. [191], CT almost completely lost its enzy-

matic activity upon non-specific conjugation with SWNTs (Fig. 7.18), possibly due

to its structure unfolding. These authors showed by AFM that the tertiary struc-

tures of CT molecules, upon adsorption onto SWNTs, changed significantly from

those in solution phase. However, another enzyme, soybean peroxidase (SBP), re-

tained its structure when adsorbed, which is consistent with the observed retention

of a reasonable fraction of activity. Also consistent are quantitative FT-IR investiga-

tions, which demonstrated much more significant secondary structural changes of

CT than SBP in both a-helix and b-sheet contents upon the enzyme–nanotube con-

jugation [191].

Microscopy techniques are widely used to visualize both aqueous soluble

protein–nanotube conjugates and those on substrates. For the latter, other instru-

mental techniques are also used to obtain additional information. For example,

quartz crystal microbalance (QCM) has been used to trace the protein adsorption

event on a SWNT film that was evenly formed on a gold-coated QCM quartz crystal

substrate [179]. The signal change marked the adsorption events on the film and

scaled with the concentration of the protein solution for adsorption. The results ob-

tained for adsorptions of various proteins on SWNTs are in reasonable agreement

with microscopy observations. However, protein adsorption on the substrates could

interfere in such evaluations unless the substrates are fully covered by a monolayer

of nanotubes.

Fig. 7.18. Enzymatic activity retained as a

function of surface coverage of enzymes on

SWNTs: adsorbed SBP (E) and adsorbed CT

(e). Each point represents an average of a

minimum of three separate experiments, with

some points showing errors smaller than the

symbol. Specific activities above half-maximal

coverage could not be obtained because of

leaching of the adsorbed enzyme during

activity measurement. (From Ref. [191].)
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Protein adsorption on carbon nanotubes can also be detected electrochemically.

In particular, solid-state field-effect transistor (FET) devices from semiconducting

SWNTs have been envisioned for use as biosensors [160, 179, 192]. In principle,

some small perturbation on the electronic structure of the semiconducting SWNT

from the adsorption of even a trace amount of guest molecules may induce a de-

tectable electrical response in the device characteristics [192–195]. Metallic SWNTs,

however, are much less sensitive to changes in chemical environments. For exam-

ple, the adsorption of cytochrome c (pI@ 10.8) in a buffer solution onto a SWNT

FET device was detected by measuring the device conductance change [196]. Con-

sistent with microscopy results, the change in conductance was quantified to be

from the adsorption of@20 protein molecules per mm length of a semiconducting

SWNTunder the given experimental conditions. In fact, the detection limit of such

FET devices is of the order of 100 pm of cytochrome c.
A consistent observation by different groups is that the conductance of the nano-

tubes decreases upon protein adsorption, regardless of the charge of the proteins at

physiological pH. This is obviously not solely due to the electrostatic gating effect

from charge injection from protein molecules to the p-type semiconducting SWNT

[179, 196, 197]. Besteman et al. [197] proposed that such a conductance decrease

(as a function of the liquid-gate voltage) could originate from the nanotube capaci-

tance change upon the adsorption event, during which ion proximity to the nano-

tube is limited. However, vigorous debates continue on whether the device

response is from the non-specific adsorption of proteins on nanotubes at all

[198]. It has been argued that the adsorption of proteins with rather small charge

(pI@ 5–7) at the electrode–nanotube contacts contributes more to the detected

conductance change than that along the nanotube sidewall [198]. Poly(ethylene gly-

col) (PEG) is a well-known protein-resistant material that is often used to protect

surfaces from protein adsorption [199, 200]. By selectively applying a PEG layer

onto the metal electrodes, these researchers showed that there was no detectable

electronic response of the nanotube FET device to the adsorption events at protein

concentrations of 100 nm [198] (Fig. 7.19). There was an exception, avidin, which is

highly positively charged at neutral pH (pI@ 10–11). This protein was capable of

inducing a response even when the electrodes were protected, although the signals

were much weaker than those from non-protected devices. As expected, when the

nanotube surface was also protected via protein-resistant species, no device re-

sponse could be detected with any of the proteins investigated.

Whatever the sensing mechanism might be in the FET devices upon protein–

nanotube conjugation, the evidence is already overwhelming for non-specific ad-

sorption of proteins onto carbon nanotubes. The mechanism for such conjugation,

however, is complicated and subject to further investigation. The nanotube surface

has been widely considered as being hydrophobic [201]. Thus, it has been sug-

gested intuitively that the hydrophobic interactions between nanotubes and certain

protein structural units play a significant role in the observed adsorption. For ex-

ample, Karajanagi et al. [191] attributed the differences in changes in the struc-

tures and enzymatic activities of two enzymes (SBP and CT, vide supra) upon their

adsorption on SWNTs to hydrophobic interactions. For SBP, there is a hydrophobic

208 7 Conjugation of Nanomaterials with Proteins



‘‘pocket’’ with 19 amino acid residues on the surface, distant from the enzymatic

active sites in its tertiary structure, which may help the enzyme to retain a signifi-

cant fraction of its activity. Conversely, CT does not contain a large hydrophobic

cluster, which was speculated to be the cause for the loss of activity upon its ad-

sorption onto SWNTs with significant secondary and tertiary structural changes

[191]. Also consistent with the hydrophobic interaction scheme is the finding that

the amphiphilicity of the large peptide species favors their binding with nanotubes

in aqueous solution, similar to the surfactant effects [202]. Dieckmann and co-

workers [203, 204] took advantage of a similar concept and designed an amphi-

philic peptide with an a-helix secondary structure for the noncovalent aqueous sol-

ubilization of SWNTs (Fig. 7.20). However, one example is clearly inconsistent with

the hydrophobic scheme. Fibrinogen, a well-known soluble plasma glycoprotein

that is affinitive to many hydrophobic surfaces, was found to be inert to SWNTs.

This might be due to the protein’s large size (molecular weight@ 340 kDa) [187].

Among other possible mechanisms for non-specific protein–nanotube conjuga-

tion are electrostatic interactions and hydrogen bonding, especially when carbon

nanotubes are pre-treated with oxidative acids. After such treatment, the nanotube

surface usually becomes defective, with many oxygen-containing groups, such as

carboxylic acids, hydroxyls, ketones, etc., at the defect sites [205–207]. These or-

ganic groups make electrostatic interactions and hydrogen bonding between nano-

tubes and certain surface residues of proteins quite plausible. Electrostatic interac-

tions obviously do not dominate as several groups have shown that SWNTs are

Fig. 7.19. (a) Configuration sketches of SWNT

FET devices type I (unprotected Pd/Au

electrodes) and type II (electrodes coated with

a PEG self-assembled monolayer). (b) AFM

image of a SWNT type II device after exposure

to human chorionic gonadotropin (hCG). (c)

Electrical data of type I device during exposure

to hCG. (d) Electrical data of type II device

during exposure to hCG. (From Ref. [198].)
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attractive to both positively and negatively charged protein species in aqueous solu-

tions [188] and at device level [179, 198] at physiological pH.

The increasing evidence for amino-affinity of semiconducting SWNT surfaces

[194, 208–210] might also help to explain the above phenomenon, since most pro-

teins under consideration contain lysine and/or arginine units that provide pri-

mary amino groups. For example, previous studies show that there is@0.04 elec-

tron donation to a semiconducting SWNT per adsorbed amine [211]. From such a

unit quantity of charge transfer, Bradley et al. [212] estimated that a significant

portion of the threshold shift of the gate voltage in a nanotube FET device upon

streptavidin adsorption is due to charge transfer from amino groups to the semi-

Fig. 7.20. Design of a-helix peptide (top) and a model sketch

of the peptide–SWNT conjugate by noncovalent interaction

(bottom). (From Ref. [203].)
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conducting SWNT. However, they also suspected that other residues, such as tryp-

tophan and tyrosine, may play a secondary role in the charge transfer because they

contain aromatic structures. Indeed, investigations conducted with a peptide li-

brary have found that the tryptophan residue, in particular, was affinitive towards

the SWNT surface [202].

7.3.2

Specific Conjugation and Biorecognition

Specific conjugation of proteins and carbon nanotubes is opposite to non-specific

conjugation. In the former, selected chemical reagents are used with known chem-

istry to link proteins to nanotubes in a more controllable fashion. Protein surface

amino groups from residues, such as lysine, are widely involved in some of these

specific conjugations. For example, nanotube-bound carboxylic acids, often gener-

ated from oxidative acid treatments, can be coupled with protein amines to form

amide linkages (Scheme 7.1), which was extrapolated from chemistry developed

previously for functionalizing carbon nanotubes with other polymeric and oligo-

meric molecules [171–175, 181, 213]. Various types of proteins, such as BSA, ferri-

tin, and cytochrome c, have been conjugated to carbon nanotubes via this route

[188, 189, 214, 215]. The reactions were often carried out in the presence of

carbodiimide reagents, such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

(EDAC), which are specific for the formation of amide linkages by converting car-

boxylic acids into more reactive intermediates toward coupling with amines. The

carbodiimide-nanotube reaction has been referred to as the activation step and is

sometimes assisted by sonication [213]. Many proteins also contain carboxylic

acids, which may compete with those from nanotubes in the amidation reactions,

resulting in possible protein self-aggregation. Thus, the activation step is better car-

ried out in the absence of proteins so that excess carbodiimide molecules can be

removed before the conjugation reaction. The addition of N-hydroxysuccinimide

(NHS) after carbodiimide activation may further enhance the stability of the

reactive intermediate, and thus be beneficial to the yields of the covalent protein–

nanotube conjugates [215]. This and similar strategies have been used to function-

alize carbon nanotubes with other biomolecules (such as nucleic acids and their

analogs [216, 217]) under physiologically benign conditions.

Amide linkages between proteins and carbon nanotubes have also been reported

to be formed in room-temperature ester-to-amide transformation reactions in

aqueous solution (Scheme 7.1) – an even milder approach [218]. In the reaction, a

water-soluble nanotube sample with ester-attached oligomeric PEG functionalities

was placed in small-pore-size dialysis tubing with a protein (e.g. BSA). Although

the PEG functionalities on the nanotubes might have resisted approaching pro-

teins in aqueous solution, the final protein–nanotube conjugation obtained this

way was in fact quite similar to that obtained by carbodiimide-activated coupling

reactions [214]. The driving force for such a mild transformation, which overcomes

the initial protein-resistivity of nanotube-bound PEG groups, likely comes from

both the thermodynamic stability of the amide linkages (compared with ester
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ones) and the in situ removal of relatively small PEG molecules via dialysis. In ad-

dition, hardly any NMR signals from PEG moieties could be detected from the con-

jugates after the reaction, indicating the effectiveness of the method.

Covalent functionalization seems to facilitate the aqueous solubilization of

SWNTs, resulting in enhanced yields of solubilized nanotubes compared with

non-specific interactions under similar conditions [189]. Aqueous-soluble covalent

protein–nanotube conjugates are also much more stable than non-specific conju-

gates. For example, as discussed in Section 7.3.1, water-soluble covalent ferritin-

SWNT conjugates are much more stable in solution when subjected to long-period

standing or vigorous dialysis conditions than non-specific ones. After dialysis, al-

though there seemed to be some protein loss in the covalent conjugates, the

protein–nanotube association was still much more pronounced than that in non-

specific conjugates similarly dialyzed [189]. Probably, the non-specific adsorption

contributes significantly to the initial approaching of proteins toward nanotubes

during covalent conjugation. The formation of amide linkages then ‘‘locks’’ the

proteins on the nanotube surface defect sites where carbodiimide-activated inter-

mediates are present (Scheme 7.2) [159, 189].

Covalent water-soluble protein–nanotube conjugates have found some applica-

tions in bacterial detection. Elkin et al. [169] adsorbed anti-Escherichia coli polyclo-
nal antibodies onto BSA-functionalized SWNTs in physiological solutions. The

nanotube-bound antibodies efficiently captured E. coli O157:H7 in solution, which

was demonstrated by both SEM (Fig. 7.21) and confocal microscopy. Because of the

high surface area and one-dimensional flexible structure of SWNTs, such multi-

copy antibody displays might be of enhanced pathogen detection sensitivity and

could also potentially be used for decontamination of bacterial cells in complex

matrices.

Another form of interaction of carbon nanotubes with cells is the translocation

of nanotubes through the cell membranes – internalization. In a recent example,

SWNTs were functionalized with biotin using a similar carbodiimide coupling

Scheme 7.2
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method, and then conjugated to streptavidin via selective biotin–streptavidin inter-

actions [167]. While streptavidin proteins cannot enter cells by themselves, the

water-soluble SWNT–biotin–streptavidin conjugates were able to internalize into

many types of cells, such as human promyelocytic leukemia (HL60), Chinese ham-

ster ovary, and 3T3 fibroblast cells (Fig. 7.22). Streptavidin alone did not show ap-

preciable cytotoxicity to HL60 cells. However, the cytotoxicity of SWNT–biotin–

streptavidin conjugates toward the same cell line was dose-dependent, which is

consistent with protein internalization via nanotube carriers. SWNT–biotin–

streptavidin internalization is probably accomplished through endocytosis, which

could be blocked at 4 �C. Co-localization of SWNTs and endosomes formed during

such endocytosis is direct evidence for internalization.

SWNTs functionalized by a peptide that mimics the function of Gs protein were

able not only to penetrate human and murine fibroblast and keratinocytes cells

membranes but also to translocate into the cell nucleus [161, 165]. The nanotube

functionalization was covalent, but based on 1,3-dipolar addition of azomethine

ylides onto the nanotube sidewalls [161, 164]. The functional group end-capped

with amine was then modified with peptide sequences to obtain peptide–SWNT

conjugates. Murine 3T3 fibroblast cells were still largely viable when the soluble

Fig. 7.21. (a) AFM image of a covalent BSA-SWNT conjugate

sample. (b) and (c) SEM images showing the strong

interactions of immuno-SWNTs (SWNT-BSA-antibody goat

anti-Escherichia coli O157 conjugate) with pathogenic E. coli

O157:H7 cells. (From Ref. [169].)

214 7 Conjugation of Nanomaterials with Proteins



functionalized SWNT concentration was as high as 5 mm, but the nanotube solu-

tion quickly became toxic to these cells upon increasing the concentration by only

twice as much. The uptake mechanism, however, is not due to endocytosis, since

the internalization is temperature independent (the same at both 4 and 37 �C)

[165]. Nevertheless, there are several other reports on the cell internalization of

both non-functionalized carbon nanotubes and those functionalized with other

bioactive species (such as nucleic acids) [166, 219, 220]. These reports discuss the

cytotoxicity of carbon nanotubes [219] and their potential in bioimaging (via

nanotube near-IR fluorescence) [220] and drug, vaccine, and gene delivery systems

[164–168].

In addition to direct covalent methods, specific protein–nanotube conjugation

can also be achieved through the use of a bifunctional molecule, with one end at-

taching to the protein and the other end to the nanotube. Chen et al. [221] reported

Fig. 7.22. Confocal images of HL60 cells after

incubation in solutions of (a) a fluorescein-

labeled SWNT sample; (b) a mixture of SWNT-

biotin-fluoresceinated streptavidin conjugate

(green) and the red endocytosis marker FM

4-64 at 37 �C (image showing fluorescence in

the green region only); (c) same as (b) but

with additional red fluorescence shown due

to FM 4-64 stained endosomes; (d) same as

(c) after incubation at 4 �C. (From Ref. [167].)
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the use of 1-pyrenebutanoic acid succinimidyl ester as a linker for indirect protein–

SWNT conjugation. The pyrene moieties of the bifunctional molecules are pro-

posed to interact noncovalently with the nanotube surface via ‘‘p–p’’ stacking,

while the succinimides react with pendant amino groups on the protein to form

amide linkages. This method was successfully applied to SWNTs at device level

[197]. However, the necessity of using this linker molecule has never been seri-

ously determined, especially considering the competitive non-specific interaction

bindings from proteins themselves. In Chen et al.’s original control experiment

[221], it was claimed that no binding was found between ferritin and SWNTs

grown on a TEM grid without the presence of the linker molecule. This contradicts

later observations by other workers, who consistently found that ferritins are actu-

ally very affinitive to SWNTs, even in aqueous solution [188, 189].

Although considered to be specific conjugation modes, neither direct covalent

functionalization nor the usage of pyrene-succinimide bifunctional molecule could

provide the selectivity for carbon nanotubes to bind one protein but repel another.

One general prerequisite to obtaining such selectivity or biorecognition is efficient

elimination of non-specific adsorption. Thus, the application of a protein-resistant

layer (such as PEG) on the nanotubes prior to protein conjugation is essential.

Shim et al. [187] first demonstrated such a possibility by adsorbing surfactant

Triton X-100 and then PEG to SWNTs on silica surface. They proposed that the

hydrophobic part of Triton molecule adsorbs onto SWNTs, while its hydrophilic

tail facilitates subsequent adsorption of PEG, which alone hardly interacts with

the nanotube surface. SWNT devices protected this way were resistant to streptavi-

din and other protein molecules. With biotin modification on adsorbed PEG, how-

ever, streptavidin efficiently coated the nanotube surface, which still repelled other

proteins [187]. The well-known biotin–streptavidin interaction obviously accounts

for such observed selectivity or biorecognition.

Although each Triton molecule contains an oligomeric ethylene glycol chain as

its hydrophilic tail, a simple Triton coating is not sufficient to prevent non-specific

adsorption of proteins on nanotubes [187]. Some other surfactants, such as Tween-

20, which has dendritic PEG tails, protect the nanotubes much better, even without

additional PEG adsorption. Such surfactant coating is quite useful for SWNTs on

substrates in devices [179], but not so impressive in aqueous solutions [188]. In a

report by Erlanger et al. [222], an anti-fullerene IgG monoclonal antibody was

claimed to be specifically conjugated to SWNTs in the presence of Tween-20 in an

aqueous environment. Although this antibody is known to be specific to fullerene

C60, the observed binding might simply be another example of non-specific adsorp-

tion. Further evidence is definitely required to prove whether the anti-fullerene an-

tibody is truly selective toward SWNTs.

Nevertheless, biorecognition sites can be created similarly at the PEG end of

Tween-20 surfactant molecules. For example, with biotin attachment to the den-

dritic PEG tails of Tween-20 prior to its adsorption on SWNT FET devices, no

protein except streptavidin could be conjugated [179]. In another report, PEG was

co-adsorbed onto SWNT devices with another functional polymer, polyethylene
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imine (PEI), instead of surfactant molecules [223]. The pendant primary amine

groups on PEI were available for subsequent biotin derivatization and, thus, strep-

tavidin recognition (Fig. 7.23).

The protein-resistivity of PEG-coated SWNTs on substrates may be interfered

with by the same PEG coating on substrates themselves [Fig. 7.24(a, b)]. The avail-

ability of highly water-soluble SWNTs with PEG functionalities [224, 225] provides

an excellent opportunity to demonstrate unambiguously the protein-resistant

function of the PEG layer on the nanotubes in aqueous solution. As Lin et al.

[189] reported, PEG-functionalized SWNTs can totally repel ferritins in aqueous so-

lution. As shown in the TEM image (Fig. 7.24c), ferritins surround the nanotubes,

but obviously at a distance, which is due to the PEG functionalities. Other water-

soluble SWNTs, such as those functionalized by poly(propionyl ethylenimine-co-
ethylenimine) (PPEI-EI) [213, 226] or poly(vinyl alcohol) (PVA) [227], similarly

repel proteins in aqueous solution [189]. The protein-resistance coupled with the

water-solubility of these functionalized SWNTs could be important in their bio-

medical applications. Data from other PEG-containing materials suggest that such

protein-resistant nanotubes may have reduced cytotoxicity and increased retention

time in the circulatory system [228]. All of these hypotheses, however, remain to be

verified.

In addition to the well-known biotin–streptavidin interaction, biorecognition

may also be achieved through other biologically known supramolecular pairwise

selective interactions, such as the antibody–antigen interaction, carbohydrate–

lectin interaction, and others. For this purpose, the indirect but selective attach-

ment of different types of proteins to carbon nanotubes can be achieved via initial

nanotube functionalization with the corresponding counterpart species. For in-

Fig. 7.23. (a) Schematic diagram illustrating a biotinylated

SWNT-FET for streptavidin recognition. (b) Biotinylation of PEI

on the nanotube surface, with co-adsorbed PEG. (From Ref.

[223].)
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stance, an antigen named U1A was attached to Tween-20 molecules and adsorbed

onto a SWNT FET device, which was then only responsive to the U1A’s antibody

counterpart, 10E3 [179]. SWNTs were also co-functionalized in a carbodiimide-

activated reaction with an antibody and an enzyme, alkaline phosphatase (ALP),

with the latter serving as the electrochemical tag [229]. Such conjugates have been

used in combination with immunological magnetic beads for ultrasensitive immu-

nosensing or antigen detection. The antigen was attached in a sandwich-like con-

figuration to nanotube-bound and magnetic-bead-bound antibodies. The captured

antigens were then separated magnetically. The electrochemical detection signals

were enhanced by comparing multiple copies of enzymatic species on the nano-

tube surface to single enzyme tags. DNA sensing was achieved via a similar strat-

egy, with selectivity coming from the complementary DNA sequence hybridization

instead of antibody–antigen interactions [229].

A natural b-1,3-glucan, schizophyllan (SPG), was found to be able to noncova-

lently wrap around and solubilize SWNTs in water [230]. Using SPG with lactoside

appendages, the carbohydrate-functionalized SWNTs can be conjugated to Ricinus
communis agglutinin, a lactoside-specific lectin that is inert to other carbohydrates

Fig. 7.24. (a) AFM image showing the non-

specific binding of streptavidin on SWNTs as-

grown on substrate. (b) AFM image showing

that the non-specific binding was largely

prevented by coating SWNTs with surfactant

Triton X-100 followed by PEG. (From Ref.

[187].) (c) TEM image showing that the non-

specific binding of ferritin species to water-

soluble SWNTs was completely prevented by

the covalent PEG functionalities on SWNTs.
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such as a-mannose and some other monosaccharides. In another example taking

advantage of carbohydrate–lectin specific interactions, b-d-galactose-functionalized

SWNTs could be crosslinked by a galactoside-specific lectin from the peanut

Arachis hypogaera, forming interconnected networks [231].

Very recently, noncovalent functionalization of SWNTs by a mucin-mimic with a-

N-acetylgalactosamine (a-GalNAc) moieties has been reported [232]. These sugar

moieties could be recognized by Helix pomatia agglutinin (HPA), a-GalNAc’s spe-

cific counterpart (Fig. 7.25). When HPA was plugged with free GalNAc, no binding

occurred between the deactivated agglutinin and the a-mucin mimic-SWNT conju-

gate. Specificity was further demonstrated by a noncovalent conjugate sample of

SWNTs with a similar mucin mimic but bearing sugar moieties of b-configuration.

Again, no binding was found between HPA and the b-mucin mimic–SWNT

conjugate.

In a similar strategy, Gu et al. [170] reported recently multivalent carbohydrate

display on SWNTs for the detection of E. coli O157:H7, which took advantage of

the selective interactions of the nanotube-bound sugar moieties (b-d-galactose)

with the periplasmic galactose-binding proteins on the pathogen surface. The

pathogen cells could be agglutinated by the b-d-galactose-functionalized SWNTs,

while inert to those functionalized by either a-d-mannose or BSA protein

[170].

Reconstitution of flavoenzymes was also used for enzyme–nanotube conjugation

for the purpose of subsequent electronic sensing of a catalytic event via nanotube

conductor arrays. As reported by Patolsky et al. [233], the glucose oxidase (GOx)

cofactor, flavin adenine dinucleotide (FAD), was first functionalized covalently

onto the SWNT array, which was formed by self-assembly on an Au substrate as

the electrode. With the protection of SWNTs with PEG, apo-GOx proteins were

then immobilized onto the SWNTs via apoenzyme-FAD reconstitution. The conver-

sion of glucose into gluconic acid by the redox enzyme was found to be efficiently

transferred to the Au electrode and was highly dependent upon the lengths of the

nanotubes, which apparently serve as the pathway for electron transfer [233].

Since these supramolecular but selective interactions are well-known in biology,

scientists in the bio-nano field are more inclined to use these interactions to conju-

gate proteins and nanomaterials, including carbon nanotubes, for biologically and

biomedically significant purposes. Proteins conjugated this way probably retain

their bioactive structures and functions. However, when proteins are conjugated

to carbon nanotubes via other covalent or noncovalent pathways, their secondary

and other advanced structures are largely unknown because of their close proxim-

ity to the nanotubes. This should be investigated, especially in the light of a recent

valuable attempt by Karajanagi et al. [191] on the advanced structures of two

enzymes (SBP vs. CT) upon adsorption on SWNTs. From that work, it seems

that the secondary and tertiary structures of proteins could easily be affected when

adsorbed onto carbon nanotubes. However, the structural and biofunctional altera-

tions to each protein induced in the conjugation events will need to be carefully

evaluated on a case-by-case basis before mechanistic details of the interactions
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Fig. 7.25. Specific binding of HPA to a-mucin mimic-coated

nanotubes: (a) specific binding of HPA to the surface of a-

mucin mimic-SWNTs; (b) lack of binding of HPA to b-mucin

mimic-SWNTs; and (c) inhibition of HPA binding by soluble

GalNAc. (From Ref. [232].)
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and any potential regulations for the changes in protein structures and biological

functions are understood.

7.4

Conclusions and Perspectives

As described in this chapter, exciting progress has been made over the past few

years in the coupling and assembly of proteins and nanostructured materials

(metal, semiconductor and nanotubes). A typical route for preparing these conju-

gates involves mixing proteins with chemically modified nanomaterials. Protein

molecules can also act as crosslinkers or as templates to build nanometer-sized

supramolecular structures by self-assembly. The field continues to grow and con-

tribute to new interdisciplinary areas concerned with the synthesis, self-assembly,

and processing of organized matter. Despite the progress made, this field is still

in its infancy, with many challenges ahead. For example, there is still great de-

mand for alternative and selective coupling methods that allow the preparation of

stable, clean, and stoichiometrically well-defined bioconjugate nanomaterials. In

this regard, an interesting recent development is the use of supercritical fluid pro-

cessing, wherein a protein can be attached directly to inorganic nanoparticles in an

effective and clean fashion. Other areas where there is much to be learnt are the

surface interaction and the interface between nanomaterials and proteins and the

control of shape and physico-chemical properties of proteins by means of genetic

engineering and bioconjugate chemistry.

Among the enormous challenges are how to design well-ordered structures and

how to adapt them efficiently in the macroscopic world. Here, the electrostatic and

topographic properties of biological macromolecules, such as bacterial superstruc-

tures and hollow protein compartments, still must be understood. Research effort

on the discovery, selection and development of peptides from combinatorial pep-

tide and protein libraries will also benefit this field. It will allow the production of

even more suitable biological structures, since they can provide recombinant pro-

tein units that have optimized recognition capabilities for inorganic materials and

their assemblies in distinctively shaped superstructures.

Further future investigations should also address the issues of the applications of

these bioconjugate materials. Interdisciplinary research in this filed has great po-

tential for discovering and producing advanced materials, which can then lead to

novel devices for sensing, signal transduction, catalysis, and new biocompatible

materials and interfaces desired for biomedical sciences and tissue engineering.
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8

Stabilization and Functionalization of Metallic

Nanoparticles: the Peptide Route

Raphaël Lévy and R. Christopher Doty

8.1

Introduction

Gold and silver nanoparticles have attracted a great deal of recent attention due to

their potential use in a numerous applications such as biosensing, bottom-up as-

sembly of nanodevices, and catalysis. The advantages of these particles include

easy, non-toxic synthesis and chemical modification protocols, and outstanding op-

tical properties that enable single-particle detection with no blinking or bleaching.

Many of these applications depend crucially on the stabilization and functionaliza-

tion of metal nanoparticles with adequate capping ligands.

This chapter begins with a discussion of aqueous synthesis protocols for differ-

ent shapes and sizes of gold and silver nanoparticles, and various strategies to

transfer nanoparticles synthesized in organic solvents into water. As the nanopar-

ticle size increases, the dominant optical characteristic changes from fluorescence

to absorbance to scattering. For each regime there is an optical technique capable

of achieving single-particle detection. The role of Au nanoparticles in DNA sensing

is discussed along with the use of DNA and proteins to assemble Au nanopar-

ticles into discrete structures. Long-range ordering of Au nanoparticles on two-

dimensional (2D) protein crystal templates is presented as an alternative assembly

method. The chapter continues with a description of stabilization and functionali-

zation of metallic nanoparticles using peptides. The concept of a peptide toolbox

for bionanotechnology containing capping ligands, recognition and self-assembly

motifs is introduced. The interaction of amino acids, peptides and proteins with

gold and silver is briefly reviewed. Rational and combinatorial designs of peptides

provide capping ligands to convert nanoparticles into protein-like materials. A ma-

jor advantage of the peptide route is that stabilization and functionalization are

achieved in a single step. A wide variety of functions can be easily transferred to

the nanoparticles using peptides with extensions. Furthermore, their protein-like

properties open up new possibilities to purify and handle nanoparticles and pre-

pare conjugates with a defined number of recognition groups per particle. Finally,

some remarkable properties of peptides that have not yet been used in the context

of nanoparticles are presented.
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8.2

Metallic Nanoparticles – An Overview

8.2.1

Metallic Nanoparticles – Preparation

While fluorescence from semiconductor nanocrystals ranging from the UV to the

near-IR is best achieved with particles less than 10 nm in diameter, sizes easily ob-

tained by syntheses in organic solvents, metal nanocrystals need to be greater than

30 or 40 nm in diameter to take advantage of their light-scattering properties. This

is too large for synthesis in organic solvents, but an aqueous synthesis utilizing

sodium citrate as both reducing agent and electrostatic stabilizer can produce

Au nanocrystals between 10 and 150 nm in diameter [1]. For reproducible, quanti-

tative results, nanocrystals need to be monodisperse in both size and shape.

Unfortunately, the citrate-reduction synthesis gives highly polydisperse results for

nanocrystals greater than ca. 30 nm in diameter. Recent work using 12 nm citrate-

stabilized Au nanocrystals as seeds for the growth of larger nanocrystals has

allowed the synthesis of monodisperse, spherical nanocrystals, with diameters be-

tween 30 and 110 nm, and monodisperse, ellipsoidal nanorods of similar size [2, 3]

(Fig. 8.1A).

Gold nanoparticles in the shape of rods, rectangles, cubes, triangles, hexagons,

and branched structures can be synthesized in very high yield by varying the ratios

of an interdependent mixture of small Au nanoparticle seeds, cetyltrimethylammo-

nium bromide (CTAB), HAuCl4, AgNO3, and ascorbic acid [4–6] (Fig. 8.1B–D).

For some shapes, especially rods, the presence of Agþ was essential for their syn-

thesis in high yield. The precise role of the Ag ions is unknown, but it is believed

that an interaction with the Br ions of CTAB affects either the surface of the Au

nanoparticle or the shape of the CTAB template.

Although tremendous advances have been made in the synthesis of large, water-

soluble Au nanocrystals, the same cannot be said for Ag nanocrystals. Silver oxi-

dizes much more readily than Au, and the larger van der Waal’s attraction between

Ag spheres compared with Au spheres reduces the effectiveness of electrostatic re-

pulsion as a method of stabilization. Thus far, this problem has been solved by de-

positing Au around the Ag nanocrystal, much like the seeded growth syntheses

mentioned above, to reduce oxidation of the Ag surface. In monolayer and bilayer

quantities, this does not affect the absorption or light-scattering properties of the

original Ag core [7].

Silver nanoparticles have also been synthesized as rods, wires, and triangular

prisms – the first two shapes by a very similar procedure to that used to obtain Au

nanorods [8]. Silver nanoparticle seeds (4 nm diameter) were added to a growth

solution containing AgNO3, CTAB, and ascorbic acid. The pH was then increased

with NaOH to enable the ascorbic acid to reduce the Ag ions. The ratio of nanopar-

ticle seeds to Ag ions and the pH are key factors in determining whether rods or

wires are produced. Nanorods can be synthesized reproducibly with aspect ratios

between 2.5 and 15 for widths of 10 to 15 nm. Nanowires of similar width and up
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Fig. 8.1. Transmission electron microscope

(TEM) images of (A) 37 nm Au spheres,

(B) 70 nm Au hexagons, (C) 90 nm Au cubes,

(D) 50� 15 nm Au rods, and (E) and (F) 100 nm

Ag prisms. The inset to (C) is a scanning

electron microscope image showing the three-

dimensional nature of the Au cubes. Inset to

(E) is an electron energy loss spectroscopy

scan, showing that the Ag prisms are flat on

top and not shaped like pyramids. This is also

displayed in (F), where several Ag prisms are

stacked together. (A) reprinted with permission

from [3]. Copyright (2001) by the American

Chemical Society (ACS). (B) and (C) reprinted

with permission from [6]. Copyright (2004) by

the ACS. (D) reprinted with permission from

[5]. Copyright (2004) by the ACS. (D) and (E)

reprinted with permission from [9]. Copyright

(2001) by the AAAS.
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to 4 mm long have been produced. The many spherical Ag nanoparticles produced

along with the nanorods and nanowires must be removed by centrifugation. Trian-

gular prisms have been synthesized in very high yield by the photoinduced conver-

sion of spherical Ag nanoparticles [9]. A solution containing 8 nm citrate-stabilized

Ag nanoparticles and a particle stabilizing agent were irradiated with a 40 W fluo-

rescent light for 3 days. The spherical nanoparticles were gradually converted into

nanoprisms with an edge length of 100 nm [Fig. 8.1(E) and 8.1(F)].

In addition to synthesis in aqueous solutions, nanoparticles can be synthesized

in organic solvents and transferred into the aqueous phase via ligand-exchange.

Solubilization via ligand-exchange requires displacement of the hydrophobic mole-

cule attached to the nanoparticle surface by a hydrophilic one, usually a carboxylic

acid-terminated molecule [10, 11]. A particularly good example of this technique is

the use of a thioalkylated monohydroxy tetraethylene glycol (PEG-OH) to transfer

tetraoctylammonium bromide-stabilized Au nanoparticles from toluene to water

[12]. These 5 to 8 nm particles displayed excellent stability between pH 0 and 14

and in 3.5 m NaCl. They also did not aggregate in the presence of proteins. The

particles’ extraordinary stability is due to the bifunctional nature of the PEG-OH

capping ligand. The alkanethiol end forms a strong bond with the Au surface and

a tight hydrophobic shell around the particle while the ethylene glycol end imparts

water solubility and presents an uncharged surface to the aqueous environment.

Gold nanoparticles have also been synthesized in the presence of PEG-OH [12].

These particles had diameters between 2 and 4 nm and displayed the same excel-

lent stability as the larger nanoparticles produced by ligand-exchange. The effi-

ciency of ligand exchange depends upon the relative bond strengths between the

two molecules and the nanoparticle surface, and usually requires a large excess of

the hydrophilic molecule in solution during the ligand exchange. Unfortunately,

this requirement precludes direct attachment of some biological molecules that

are not available, or are prohibitively expensive, in such large quantities, e.g.

many peptides and proteins.

Another approach to making nanocrystals water-soluble is to encapsulate them

in a layer of silica/siloxane via a surface silanization procedure [13, 14]. In subse-

quent crosslinking reactions, charged molecules can be incorporated into the shell

to provide electrostatic stabilization to the water-soluble nanocrystals, or long-

chained, hydrophilic molecules, such as polyethylene glycol, can be used to provide

steric stabilization. The resulting silica shell has exposed amino, mercapto, and

phosphate groups that can be used to further functionalize the nanocrystal surface.

While the silica-encapsulated nanocrystals are very stable and do not aggregate in

aqueous solution, gradual decomposition of the silica layer eventually leads to

nanocrystal precipitation and limits the length of time they can be left in water.

8.2.2

Metallic Nanoparticles – Optical Properties

Almost every application of metallic nanoparticles takes advantage of their ability

to strongly absorb and scatter light. This is because they possess a distinctive opti-
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cal property known as surface plasmon resonance, which is effectively due to the

collective oscillation of free electrons. For Ag and Au nanocrystals the wavelength

at which this occurs is in the vicinity of 400 and 500 nm, respectively, and is a

function of the nanocrystal size and composition, the molecules attached to the

surface of the nanocrystal, and the surrounding medium. Many biological applica-

tions of metal nanocrystals will rely on their light scattering properties because

scattered light can be detected thousands of times more sensitively than transmit-

ted light [15, 16]. A solution of nanocrystals will scatter an incident beam of mono-

chromatic light without changing its frequency, but when illuminated with an

incident beam of white light, the wavelength at which the scattered light is a max-

imum is a function of particle size, shape, and composition (Fig. 8.2A and 8.2B).

Through a combination of Ag and Au nanocrystals of different sizes, one can view

scattered light of every color in the visible light spectrum (Fig. 8.2C). The particle

size dependence of the wavelength of scattered light was predicted by Mie using

classical electromagnetic theory [1, 17]. In the Rayleigh limit (R < l=20, where R
is the radius of the nanocrystal and l is the wavelength of incident light) the wave-

length of scattered light remains unchanged, while the intensity increases as R6.

For nanocrystals outside the Rayleigh limit, an increase in particle size broadens

the scattering spectrum and shifts it to longer wavelengths. In general, the maxi-

mum intensity of light scattered from an Ag nanocrystal is at least 10� that of an

Au nanocrystal of the same size, and the spectral shifts with regard to particle size

are more pronounced. The scattering spectra are also affected by the refractive

index of the medium containing the nanocrystals. Increasing the refractive index

increases the intensity of scattered light and shifts it to longer wavelengths. The

intensity of scattered light for Au nanocrystals is enhanced by an increase in the

medium refractive index more so than Ag, but the spectra of Ag shift more than

those of Au [15]. These effects are important experimentally, because raising the

refractive index of the medium increases the signal-to-noise ratio of a particular

measurement, by both increasing the scattering from the metal nanocrystals and

decreasing the background scattering from dielectric materials. Light scattering

from metal nanocrystals cannot be quenched, and the nanocrystals do not de-

grade under optical excitation like many molecular fluorophores, permitting time-

dependent studies. In fact, the scattered light intensity of a 60 nm diameter

Au nanocrystal is approximately equivalent to the fluorescent light intensity of

270 000 fluorescein molecules [15]. This allows the detection of a single particle

using a simple optical microscope in dark-field mode. The main drawback of this

detection strategy is the background scattering from the biological sample and from

defects in microscope slides. This background cannot be removed by an emission

filter in an experiment where the illumination and detection have to be at the same

wavelength, but, as mentioned above, refractive index matching can be effective. To

ensure that the detected light comes from a metallic particle, more sophisticated

instrumentation is needed in which the scattered light is analyzed using a spec-

trometer coupled to the microscope or a tunable filter to recognize the characteris-

tic scattering spectrum of the metallic nanoparticles.

While light absorption and scattering are practical detection methods for large
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metal nanoparticles, small (diameter < 5 nm) nanoparticles can be detected by

light emission. Previous work has shown blue, red, and near-IR emission from

water-soluble Au nanoparticles [18, 19]. The exact mechanism is unknown, but it

is thought that relaxation of excited conduction electrons into sp- and d-band holes,

intraband and interband, respectively, combined with surface effects from the li-

gand shell can explain the different light emission peaks. Although these nanopar-

ticles show a million-fold enhancement in fluorescence quantum yield compared

with bulk gold, the quantum yields (10�3–10�5) are still much lower than for or-

ganic fluorophores and semiconductor quantum dots. Recent work on nanodots,

however, has further increased the quantum yield of Au one hundred-fold [20,

21]. An eight-atom cluster of Au stabilized by a poly(amidoamine) (PAMAM) den-

drimer emits blue light (lmax ¼ 450 nm) with a quantum yield of 41G 5% [20].

Additional work on 5-, 13-, 23-, and 31-atom clusters extended the emission into

the UV and the near-IR (Fig. 8.3), with a quantum yield of 70% for the five-atom,

UV-emitting cluster [21]. The quantum yield decreases to 10% as the emission en-

ergy decreases from the UV to the near-IR, as a result of increased competition

Fig. 8.2. Normalized scattering cross-sections

as a function of wavelength for (A) gold and

(B) silver nanoparticles of various sizes.

(C) Light scattering from aqueous solutions

of (from left to right) 40 nm Ag nanoparticles;

40, 78, 118, and 140 nm Au nanoparticles; and

fluorescein illuminated by a single beam of

white light. (Reprinted with permission from

[15]. Copyright (1998) by Academic Press.)
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from nonradiative pathways. The emission energy scales with the number of

atoms, as predicted by a jellium model, indicating that the fluorescence is ‘‘proto-

plasmonic’’ and arises from intraband transitions of the free electrons. The clusters

are stable over long periods in water, can be stored as dry powders, and, unlike

semiconductor quantum dots, their synthesis is easy and non-toxic. Their discrete

excitation spectra, however, excludes their use in the single-excitation, multiplexed

bioassays for which semiconductor quantum dots show so much promise. How-

ever, it does allow them to function as energy transfer pairs and long lifetime fluo-

rescent labels for in vivo imaging.

In addition to Au nanodots, Dickson and co-workers have also produced fluores-

cent Ag nanodots [22, 23]. Silver ions were photoreduced in the presence of

PAMAM dendrimers to produce two- to eight-atom clusters [22]. Single nanodot

fluorescence was detected at between 530 and 650 nm. Photoluminescence beyond

600 nm was also seen from Ag nanodots formed by the chemical reduction of

Ag ions in the presence of oligonucleotides [23]. Mass spectral analysis showed

that the cluster size was between one and four Ag atoms. Chemical shifts in the

NMR spectra of the cytosine bases suggest that base-specific interactions may play

an important role in nanodot formation and that oligonucleotides with specific

sequences may be able to control cluster stoichiometry. Unlike the Au nanodots

discussed above, the photoluminescence of different-sized Ag nanodots can be

excited by a single source, making them available for applications that require a

degree of multiplexing.

Particles that are too small to be detected by light scattering and too big to fluo-

resce with any efficiency can be detected using a recently developed photothermal

Fig. 8.3. Photoluminescence excitation

(dashed lines) and emission (solid lines)

spectra for Au nanodots with cluster sizes of 5,

8, 13, 23, and 31 atoms. The emission spectra

redshift as cluster size increases. (Reprinted

with permission from [21]. Copyright (2004)

by American Physical Society (APS).)
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technique [24]. Called photothermal interference contrast, it relies on the increase

in temperature around a metal nanoparticle when it absorbs laser light at the same

frequency as its plasmon resonance. Changes in the temperature-dependent local

index of refraction can be detected optically using a second laser beam. One benefit

of this technique is that it does not detect non-absorbing scatterers. For instance,

10 and 80 nm Au particles were mixed with 300 nm latex spheres and spin-coated

onto a substrate. As shown in Fig. 8.4(A), the 80 nm Au particles and 300 nm latex

spheres were detected using differential interference contrast. Using the photother-

mal technique, only the 80 and 10 nm Au nanoparticles were detected (Fig. 8.4B

and 8.4C). Nanoparticles as small as 2.5 nm have been optically detected using

the photothermal detection system [24]. Another benefit of this technique is that

organic and biological samples have a negligible photothermal background. This

was shown in the visualization of individual 10 nm Au particles attached to mem-

brane proteins of COS7 cells. By tilting the sample, 3D images of the Au nanopar-

ticles were obtained [25]. Because absorption is used, there is no photobleaching,

blinking, or saturation of the metal nanoparticles. One concern with this technique

is that the temperature rise around the nanoparticles could interfere with the func-

tion of live biological samples. For a 10 nm particle, the temperature increase on

the surface of the particle is estimated to be 15 K. This can be lowered by changing

the laser power and the location of the laser beams in relation to the particles.

8.2.3

Metallic Nanoparticles – Applications

The uniformity of citrate-stabilized Au nanocrystals, the ease with which the citrate

molecules can be displaced from the Au surface, and the unique optical properties

of both individual and aggregated clusters of Au nanocrystals are all critical to suc-

cessful utilization in biological applications. An area of early success was the at-

tachment of thiol-terminated DNA oligonucleotides to Au nanocrystals, in which

complementary strands of DNA were used to assemble both dimers and trimers

and large, aggregated structures of nanocrystals [26, 27]. The nucleotide-induced

aggregation caused a red to blue color change in the aqueous nanocrystal solution.

This aggregation is reversible upon heating the solution above the melting temper-

ature of the DNA [28]. In this way the absorbance of Au nanocrystals is used to

detect DNA hybridization [29, 30]. A more solid-state approach to the detection of

DNA hybridization is to immobilize a strand of DNA on a substrate and flow a

solution of nanocrystals containing the complementary strand of DNA over the

substrate [31, 32] (Fig. 8.5). The attachment of nanocrystals on the surface can be

detected by light scattering. This technique offers greater sensitivity and can detect

DNA in the femtomolar concentration range [31, 33].

Complementary strands of DNA can be attached to nanocrystals of different size,

shape, and/or composition. In this way, large nanocrystals can be surrounded by

small ones [34], metal nanocrystals can be surrounded by semiconductor ones

[35], and vice-versa [36]. The challenge with this technique is to control the degree

of nanocrystal ordering (Fig. 8.6). Ideally, one would form dimers, trimers, and
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Fig. 8.4. (A) Differential interference contrast

image of 10 and 80 nm Au particles with

300 nm latex particles. Only the 80 nm Au

and 300 nm latex particles can be detected.

(B) Photothermal image at low heating laser

power shows the 80 nm Au particles but not

the 300 nm latex particles. (C) Increasing the

laser power brings the 10 nm Au particles into

view. (Reprinted with permission from [24].

Copyright (2002) by AAAS.)
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other well-defined structures, such as monolayers and multilayers [37]. However,

this requires precise control of the number of DNA molecules attached to the

nanocrystal surface, and it is not currently possible to generate a solution of nano-

crystals with only, and exactly, one (or two, or three, etc.) DNA molecule per nano-

crystal. In a given solution there is a statistical distribution of desired capping

ligands per nanocrystal. The challenge then is to separate the nanocrystals with

one oligonucleotide from those with two, three, four, etc., which at present has

only been consistently achieved by gel electrophoresis [36, 38, 39]. To achieve maxi-

mum resolution the nanocrystals should be size-monodisperse and homoge-

neous in charge, and the DNA molecules should have a mobility similar to that

of the nanocrystals so that the attachment of only one or two oligonucleotides has

a significant effect on the overall mobility through the gel. Besides being time-

consuming and relatively inefficient, the pore size of the gel presents a serious lim-

itation to the size of nanocrystals that can be separated.

In addition to using nanoparticles to detect biological molecules, biological mol-

Fig. 8.5. Two different types of three

component sandwich assays for

oligonucleotide detection. (A) A two-color

detection method taking advantage of the light

scattering properties of different sized Au

nanoparticles. (B) An extremely sensitive

detection method in which silver atoms are

reduced onto 13 nm Au particles to amplify the

signal for detection by a flatbed scanner. (A)

reprinted with permission from [32]. Copyright

(2001) by ACS. (B) reprinted with permission

from [31]. Copyright (2000) by AAAS.
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ecules can be used to self-assemble nanoparticles into patterns that are not other-

wise thermodynamically or kinetically favorable. As discussed in the previous sec-

tion, DNA has been used to assemble dimers, trimers and much larger aggregated

structures. Another potentially powerful, high-yield method for creating dimers,

trimers, or chains of nanoparticles involves the use of solid-phase reactions on PS

Fig. 8.6. TEM images of dimers and trimers of 5 and 10 nm

Au nanoparticles linked by DNA. A schematic of the particular

DNA-based assembly method is shown to the left of the TEM

images. (Reprinted with permission from Ref. [37].)
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Wang or HMPA-PEGA resins and Fmoc protecting groups [40]. This technique

takes advantage of the low-density packing of functional groups, in this case lysine,

on the resins. Thus, a 2.2 nm Au nanoparticle with a ligand shell consisting of

equal parts octanethiolate and mercaptoundecanoic acid will react with only one

lysine. Protection of the remaining carboxyl groups in the ligand shell with methyl-

amine followed by cleavage of the resin bead leaves a single carboxylic acid on the

nanoparticle available for further functionalization. Monofunctionalization was

tested by dimerizing nanoparticles with ethylenediamine. The overall efficiency

of this process is extremely low, however; only 3% and 15% of the nanoparticles

remained after cleavage of the PS Wang and HMPA-PEGA resins, respectively.

Of those remaining particles, around 60% formed dimers, with some forming

higher-order clusters. To form chains of nanoparticles using this method, the effi-

ciency needs to be much higher, but it is nonetheless a powerful method for mono-

functionalizing nanoparticles.

A single biotinylated dextran molecule has been conjugated to 15 nm Au par-

ticles through careful consideration of the molecular weight of the aminodextran

molecules and the surface area of the nanoparticles [41]. A 2000 kDa aminodextran

was functionalized with pyridyldithio propionate to create the disulfide bonds, and

biofunctionality was imparted by conjugation with biotin. The benefit of this tech-

nique is the stability imparted to the nanoparticle by coating it with one molecule

capable of forming hundreds of thiol bonds rather than with hundreds of individ-

ual thiol-containing molecules. As proof of this the particles were run through a

typical polymerase chain reaction protocol without loss of biological activity. This

technique can be expanded beyond biotin to include haptens, antibodies, and oligo-

nucleotides. The number and type of functional molecules per dextran can be

altered as required for use in sensitive bioassays or programmed self-assembly.

In addition to the well-known biotin–streptavidin system, antibodies and anti-

gens can be used to link nanoparticles together. Mann and co-workers have shown

that Au nanoparticles stabilized by IgE and IgG antibodies assemble into 3D net-

works in the presence of bivalent antigens [42]. Macroscopic filaments with aspect

ratios greater than 100 precipitated from solution when the conformational free-

dom of the bivalent hetero-antigen was increased by doubling the size of the spacer

between its functional ends. They were also able to form bimetallic aggregates by

mixing IgE-stabilized Au nanoparticles and IgG-stabilized Ag nanoparticles with a

bivalent hetero-antigen. The feasibility of aggregation-based immunoassays has

been demonstrated by Thanh and Rosenzweig [43]. At a comparable sensitivity to

ELISA, the concentration of anti-protein A in serum samples was determined by

following the aggregation of protein-A coated Au nanoparticles with a UV/Visible

spectrophotometer.

Thus far, the aggregation-based techniques intended for the long-range assembly

of ordered nanoparticle structures have resulted in large, disordered 3D clusters. A

template-based method for precise positioning of nanoparticles using S-layer pro-

teins is an interesting alternative [44, 45]. S-layer proteins are found on the surface

of prokaryotic (e.g., bacteria) cells and can self-assemble into 2D structures on solid

supports. Interestingly, for nanotechnology, the symmetry and lattice constants of

246 8 Stabilization and Functionalization of Metallic Nanoparticles: the Peptide Route



the self-assembled structure can be tailored, and the protein units contain identical

central pores with diameters that can range between 2 and 6 nm. An S-layer pro-

tein investigated recently for long-range ordering of nanoparticles has hexagonal

symmetry, a central pore size of 2 nm, and a lattice constant of 18 nm (Fig. 8.7A).

Mann and co-workers found that negatively charged citrate-stabilized Au nanopar-

ticles with a diameter of 5 nm formed long-range, ordered assemblies with hexag-

onal symmetry and a center-to-center distance of 18 nm [44]. The same was true of

a solution of 10 nm citrate-stabilized Au particles, except that the particles that

bound to the S-layer template were 8.0 nm. They also found that the 5 nm particles

bound preferentially to the 9.7 nm particles when a solution containing a mixture

of the two was placed on the protein template. Particles larger than the lattice con-

stant of the template only bound randomly to the structure, as did smaller Au

nanoparticles with a positive surface charge. While Mann and co-workers were un-

able to determine if the nanoparticles were located in the central pore of the S-layer

protein units, Bergkvist et al. showed that the nanoparticles were in fact located at

the vertex point of three protein units [45]. The center-to-center distance of 18 nm

was maintained by nanoparticle adsorption to every other vertex point. Adding

25 mm NaCl during nanoparticle adsorption resulted in the occupation of every

vertex point and a center-to-center distance of 10 nm [Fig. 8.7(B)]. Nanoparticle

adsorption to the protein template is a result of electrostatic interactions between

the negatively charged Au nanoparticles and positively charged residues of the

S-layer protein, while interparticle separation is controlled by electrostatic repul-

sions between Au nanoparticles.

Metal nanoparticles could also be used as scaffolds for the self-assembly of

Fig. 8.7. (A) Schematic representation of the

hexagonal ordering of S-layer proteins. Protein

monomers arrange to form a central pore 2

nm in diameter and 18 nm apart. Vertex points

are 10.4 nm apart. (B) TEM image of 5 nm

citrate-stabilized Au nanoparticles on the

hexagonally packed S-layer. Addition of 25 mm

NaCl resulted in the long-range ordering

shown. The interparticle spacing is 10 nm.

(Reprinted with permission from [45].

Copyright (2004) by ACS.)
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enzymes and receptors. Still in its infancy, several proof of principle experiments

have been published, mainly by the groups of Rotello and Scrimin [46]. The

mobility of thiols on gold surfaces and the possibility to easily make mixed self-

assembled monolayers presenting various chemical moieties are key ingredients in

these studies. An early example demonstrated that flavin binding sites could be

imprinted in a gold nanoparticle supported monolayer containing both hydro-

gen bonding and aromatic stacking elements [47]. More recently, dipeptide-

functionalized nanoparticles with esterase-like activity have been prepared [48].

Confinement of the catalytic units in the monolayer drives a 300-fold enhancement

of activity compared with the dispersed monomeric dipeptide, demonstrating the

crucial role of cooperativity in these systems.

8.3

Stabilization and Functionalization of Metallic Nanoparticles – The Peptide Route

8.3.1

Peptides, Proteins and Nanoscale Science

Peptides are short sequences of amino acids linked by peptide bonds. When a se-

quence is longer than 30 a-amino acids, the molecule is generally called a protein

or a polypeptide if it is a synthetic polymer. Proteins are biopolymers composed of

the 20 natural a-amino acids. Essential components of life, they fulfill the roles of

elastic material, enzymes, motors, signal transducers etc. Protein function arises

from precisely defined folding of the polymer chain into a 3D structure. Whereas

elaborate tasks are generally assumed by large proteins or complexes of proteins

(3–100 nm), short sequences composed of less than ten a-amino acids are used by

living organisms as highly specific recognition sequences (e.g., cellular localization

sequences, enzyme substrate and ligand–receptor recognition sequences).

Understanding the relationship between the amino acid sequence of a protein

and its structure is a major and fundamental field of research known as the folding

problem. It has wide implications for drug development and discovery. One of the

tests of this understanding is the ability to design from first principles unnatural

sequences that fold according to predictions. This has been successfully achieved

at the level of secondary structures (e.g. helix and beta-sheet) [49–51], while the de
novo design of catalytic proteins is an emerging field (e.g., Kaplan and colleagues

have reported the design of an O2-dependent phenol oxidase whose structure, se-

quence, and activity have been designed from first principles [52]).

One of the challenges of nanotechnology is to create nanostructures capable of

handling complex tasks. In the nanometer range, proteins are fairly clearly the

most advanced devices known. Furthermore, molecular biology offers powerful

tools to modify, adapt, purify and manipulate these natural devices. Therefore,

two complementary approaches have been taken. The first seeks to modify existing

proteins or viruses [53, 54] to solve technological problem on the nanoscale [55],
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whereas the second seeks to confer protein-like properties to artificial nanomate-

rials having useful physical properties (e.g., metallic nanoparticles, quantum dots

and carbon nanotubes). In the following, we focus on protein-like metallic nano-

particles obtained using peptides as capping ligands.

8.3.2

Peptide Toolbox for Bionanotechnology

Peptides are a large family of commercially available molecules. The concept of a

peptide toolbox is emerging from recent work. As illustrated in Fig. 8.8, this toolbox

contains sequences that can achieve various tasks. Peptides can be used as a cap-

ping ligand to control the surface properties of nanomaterials. They offer various

affinity pairs as well as binding motifs to synthetic materials. Enzymes can be

used to cleave or modify peptide sequences at precisely defined sites. Most power-

ful biochemistry tools are intrinsically parts of the peptide toolbox and are readily

available to handle and modify peptide-capped materials. This includes various

chromatography techniques that allow nanomaterials to be separated on the basis

of size, charge, hydrophobicity and affinity as well as various well-established bio-

conjugation reagents. Designed peptides can self-assemble into extended struc-

tures from micelles, fibers, and nanotubes to vesicles and hydrogels. The toolbox

has only been superficially explored in the context of nanoparticles and their

assemblies. Most importantly, peptide-capped nanoparticles may offer a path for

Fig. 8.8. Peptide toolbox for bionanotechnology.
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integrating various properties into well-defined complex materials. Examples will

be given to show that peptide properties can be readily transferred to metallic

nanoparticles by using peptides as capping ligands.

8.3.3

Peptides as Capping Ligands

8.3.3.1 Interactions of Amino Acids with Noble Metals

To our knowledge, no systematic study of amino acid interactions with gold is

available. However, thiols and amine groups are known to interact strongly with

gold. For example, alkanethiol, mercapto- and amino-dextrans have been used as

capping ligands for gold nanoparticles [56, 57]. Therefore, as expected, cysteine

(thiol on its side chain) and lysine (primary amine on its side chain) do bind to

gold nanoparticles [58].

Sastry and co-workers have published several studies on amino acid interactions

with metallic nanoparticles (Ref. [59] gives a more complete review). Cysteine, [60]

lysine [61] and tryptophan [62] were used as a capping ligand for silver or gold

nanoparticles. Lysine-capped nanoparticles disperse in acidic aqueous solution,

while aggregation attributed to hydrogen bonding occurs at neutral and basic pH

[61]. In addition, water-dispersible gold nanoparticles have been synthesized by

the spontaneous reduction of aqueous chloroaurate ions by tryptophan [62].

The same group has used isothermal titration calorimetry to characterize the pH-

dependant binding of lysine and aspartic acid to gold nanoparticles [63]. Xu and

colleagues have shown that lysine-capped nanoparticles can be assembled into

suprastructures through peptide bond formation in the presence of a condensation

agent [EDC, ethyl-3-(dimethylaminopropyl)carbodiimide] [64]. Modulation of the

lysine to gold ratio allows the assembly of linear chains of nanoparticles [65]. Ag-

gregation of nanoparticles has been seen upon addition of thiol-containing amino

acids and peptides [66, 67].

Lysine residues on proteins play an important role in their adsorption onto gold.

Xie and colleagues have characterized in detail the use of peptide–bovine serum

albumin (BSA) conjugates as capping ligand for gold nanoparticles (BSA contains

59 lysines, of which up to 35 are thought to reside on its surface) [68]. BSA can

also be used during the synthesis of gold nanoparticles, resulting in water-soluble

sub-2 nm particles [69].

8.3.3.2 Peptides as Reducing Agent and Template in Metallic Nanoparticle Synthesis

Peptides were first used in noble metal nanoparticle synthesis in the seminal work

of Schaaff and colleagues in 1998, where the tripeptide glutathione GSH was used

to obtain 1.5 nm gold clusters encapsulated in a peptide layer. Synthesis involved

the decomposition of polymeric Au(i)SG compounds [70]. Inspired by biological

mechanisms for the reduction and mineralization of noble metals, Slocik and col-

leagues have used a histidine-rich peptide to mediate the formation of various

metal, metal oxide and metal sulfide clusters [71, 72]. They have also shown that,

in some cases, antibodies can recognize the peptide sequence immobilized on the
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particle surface. Djalali and colleagues reported that the same histidine-rich pep-

tide immobilized on a heptane dicarboxylate nanowire template was able to control

the nucleation and growth of monodisperse highly packed gold nanoclusters [73,

74]. This approach has been extended to the synthesis of continuous platinum

nanowires using a slightly different peptide sequence [75]. Two-dimensional arrays

of a self-assembled protein complex, chaperonin, have been used for the con-

strained synthesis of Ni-Pd and Co-Pd nanoparticles [76]. The sub-unit proteins

were genetically engineered to expose a large number of histidines inside the

solvent-accessible pore of the chaperonin and, hence, promote the binding of metal

ions. Sequences selected by phage-display technology for their affinity to metallic

surfaces have been used in silver and cobalt nanoparticle synthesis [77]. In an

even more elaborate study, the same group has immobilized a silver-binding pep-

tide in the inner cavity of the self-assembled cage protein ferritin [78]. Controlled

growth of a silver nanocrystal within the cavity was observed in the presence of

silver nitrate. This approach might be extended to other materials using other

peptide templates.

8.3.3.3 Rational Design of a Peptide Capping Ligands for Gold Nanoparticles:

CALNN

Based on protein folding considerations, we have recently designed a pentapeptide

ligand, CALNN, that converts citrate-stabilized gold nanoparticles into extremely

stable protein-like gold nanoparticles [79]. Soluble proteins are usually folded in

such a way that their hydrophobic groups are located in the interior of the macro-

molecule, while charged and hydrophilic groups are exposed to water. The penta-

peptide CALNN (Chart 8.1) was designed to mimic this architecture. The thiol

group in the side chain of the N-terminal cysteine (C) can bind covalently to the

gold surface. Alanine (A) and leucine (L) in positions 2 and 3 possess hydrophobic

side chains and were chosen to promote the self-assembly of the peptide. Aspara-

gine (N) in positions 4 and 5 is an uncharged, but hydrophilic amino acid due to

the amide group on the side chain, and the C-terminal asparagine in position 5

bears a negative charge due to the terminal carboxylic group.

This design proved to be extremely successful at providing peptide-capped par-

ticles that are stable over a wide range of pH and ionic strength (up to 1 m NaCl

for 13 nm gold nanoparticles at pH 7 and up to 4 m NaCl for 4 nm gold nanopar-

ticles). Importantly, CALNN-capped nanoparticles can be manipulated like a robust

protein, e.g., they can be freeze-dried and resuspended in water, purified by size-

exclusion and ion-exchange chromatography.

Chart 8.1. CALNN structure.
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8.3.3.4 Combinatorial Exploration of Peptides as Capping Ligands: the CALNN

Family

CALNN is one of 3 200 000 possible sequences of five natural amino acids, and the

remarkable stability that it imparts to gold nanoparticles encouraged us to further

investigate its structural basis. Thus, exactly like mutagenesis is used to identify

the active domain of proteins, we studied the effect of systematic variations of pep-

tide sequence on stability to achieve a better understanding of peptide capping

ligands [79]. The variation criteria were the peptide length, N-terminal amino acid

(first amino acid), which when cysteine is likely to be the anchor, the peptide core

(second and third amino acids), and the peptide carboxyl terminus (fourth and

fifth amino acids). A subset of these peptides induced immediate aggregation of

the nanoparticle solution. A common feature of peptides in this subset was the

presence of two groups having a strong affinity for gold (cysteine, lysine and argi-

nine) at the two ends of the sequence. A striking example is NNLAC, the reverse

sequence from CALNN that has the N-terminus amino group at the distal end

from the cysteine and induces immediate aggregation, whereas CALNN is an ex-

cellent capping ligand. This exemplifies how subtle changes in peptide sequences

can have a dramatic effect on performance as capping ligand.

The effect of the remaining peptides on the electrolyte-induced aggregation of

gold nanoparticles was then systematically studied. Quantitative analysis of the ex-

perimental data corroborates the initial design criteria, establishing the need for a

cysteine as an anchor to the gold nanoparticle, a clear correlation between peptide

length and stability, and the need for interaction between adjacent peptide chains

through hydrophobic interactions or hydrogen bonding. The balance between pep-

tide charge and cohesive interaction also plays a major role.

8.3.3.5 Peptide-capped Silver Nanoparticles

Despite having superior light absorption and scattering properties, silver nanopar-

ticles have not had the same impact as gold nanoparticles in applications that re-

quire work in aqueous environments. This is due primarily to a tendency to oxidize

that leads to a complete loss of particle stability, most notably in acidic environ-

ments. Also, a higher van der Waals’ interaction results in particle aggregation at

lower ionic strengths than for Au nanoparticles – a problem for biological applica-

tions that take place in buffered saline solutions. All of these issues have been over-

come through the use of the pentapeptide CALNN [80]. Addition of peptide to rel-

atively unstable 15 nm citrate-stabilized Ag particles results in peptide-stabilized

Ag nanoparticles that are stable between pH 4 and 12 and in 1 m solutions of

NaCl. Peptide-stabilized Ag nanoparticles 8 nm in diameter can also be synthe-

sized using a modified two-phase arrested precipitation method. These nanopar-

ticles are also stable over a wide pH range (6–12) and in 1 m NaCl solutions.

8.3.3.6 Peptides as Capping Ligands for Fluorescent and Magnetic Nanoparticles

Similar approaches have been used successfully for the stabilization and func-

tionalization of other types of nanomaterials. Weiss’ group has used synthetic

phytochelatin-related peptides as an organic coat on the surface of colloidal CdSe/
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ZnS semiconductor nanocrystals [81]. The peptides are designed to bind to the

nanocrystals through a C-terminal adhesive domain composed of multiple re-

peats of cysteine pairs flanked by hydrophobic 3-cyclohexylalanines. This adhesive

domain is followed by a flexible hydrophilic linker domain to which various bio-

affinity tags can be attached, resulting in water-soluble, monodisperse peptide-

coated nanoparticles with high colloidal stability and ensemble photophysical prop-

erties similar to those of the original, TOPO-coated nanocrystals. PEG-modified

peptides were used to improve the accessibility of bio-affinity tags (e.g., biotin). In

a recent review focused on quantum dots in biology, the same authors discuss the

possibilities offered by a peptide toolkit to control surface and photophysical prop-

erties [82]. These include switching the emission by using a quencher linked to

the nanocrystal through an enzyme-cleavable peptide sequence.

Belcher and colleagues have reported phage display-selected peptides as a tem-

plate to grow FePt magnetic nanoparticles [83]. The particles obtained are ferro-

magnetic at room temperature, possessing coercivities up to 1000 Oe and may

have some applications in high-density memory devices. Fernig and colleagues

have reported the first synthesis of peptide-capped water-soluble cobalt nanopar-

ticles [84]. The peptides facilitated the formation of nanoparticles and partly pro-

tected the nanoparticles from oxidation.

8.3.4

Peptide Extensions to Introduce Functionalities

The introduction of specific recognition groups at the surface of gold nanoparticles

is an important prerequisite for their use in bioanalytical assays. Peptides having

extensions can be used to introduce functions on the nanoparticles surface. Using

a peptide mixture containing a matrix peptide (e.g., CALNN) and one or more

functional peptides (e.g., CALNN-XXX where XXX is or bears the functional

group), particles having a wide range of functions can be prepared. In contrast to

most previously reported approaches, the stabilization and the functionalization of

particles in this system are independent, but, crucially, both are achieved prepara-

tively in the same step. Therefore, the number of recognition functions present

on each particle can be easily controlled and reduced to a single or very few

moieties without compromising the stability of the particles [85]. Recently, par-

ticles presenting various chemical groups have been successfully prepared by this

approach. These include peptide sequences consisting of natural amino acids as

well as artificial amino acids and hybrid sequences consisting of amino acids and

oligonucleotides.

8.3.4.1 Biotin and Strep-tag II

Nanoparticles functionalized with biotin and with a peptide analogue of biotin

(Strep-tag II: WSHPQFEK) [86] have been obtained using a peptide mixture

containing, on a molar basis, 90% CALNN and 10% CALNNGK(biotin)G or

CALNNGGWSHPQFEK [79]. The nanoparticles were purified from excess pep-

tides by size-exclusion chromatography and immobilized on a nitrocellulose mem-
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brane. Streptactin-peroxidase was then used to detect the presence of biotin and of

its peptide analogue on the membrane (Fig. 8.9). The results demonstrate the pres-

ence of functional groups as well as the absence of non-specific binding to the

CALNN-capped nanoparticles by streptactin-peroxidase.

8.3.4.2 Peptide-DNA Hybrids

Gold nanoparticles stabilized by thiol-modified oligonucleotides have been used for

the programmed self-assembly of nanostructures and for oligonucleotide detection.

Wang and colleagues have shown that a peptide-DNA hybrid molecule, i.e.,

CALNN-DNA, provides a simple route to DNA functionalized particles. Moreover,

the ratio of CALNN-DNA to CALNN in the preparation mixture directly controls

the amount of DNA available on the nanoparticle surface. The particles retain the

stability of the peptide-capped particles. Importantly, this work extends the peptide

toolbox to DNA-based assays and DNA-based nanostructured materials. Thus, it is

possible to prepare, in a one-pot synthesis, particles functionalized with DNA(s)

and other recognition motifs (e.g., peptide recognition motif to inorganic mate-

rials). As proof of principle, particles bearing both DNA and biotin extensions

have been prepared and detected in a microarray format (Fig. 8.10) [85].

8.3.4.3 His-tag and Nickel Nitrilotriacetic Acid (Ni-NTA)

Immobilized metal affinity chromatography (IMAC) is extensively used in biologi-

cal research to purify engineered proteins having a histidine tag (generally com-

posed of six consecutive histidines) [87, 88]. Nitrilotriacetic acid immobilized on a

gel chelates nickel ions that interact specifically with the histidine tag. The relevant

proteins are then eluted from the column using a competitor (imidazole) or a pH

Fig. 8.9. Streptactin-peroxidase specific

recognition of Strep-tag II and biotin on

peptide-capped gold nanoparticles. (A)

Engineered fibroblast growth factor receptor

(FGFR) with a Strep-tag II sequence. (B)

CALNN-capped nanoparticles decorated with

Strep-tag II. (C) CALNN-capped nanoparticles

decorated with biotin. (D) CALNN-capped

nanoparticles. (Reprinted with permission

from [79]. Copyright (2004) by ACS.)
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change. A large variety of derived protocols based on this interaction have been de-

veloped, e.g., Ni-NTA magnetic beads and nanoparticles [89] for the separation of

histidine tagged proteins, Ni-NTA gold clusters for their localization using electron

microscopy [90] and Ni-NTA lipids for the 2D crystallization of histidine-tagged

proteins [91].

Peptides having a histidine tag extension and peptides having a NTA extension

could be obtained by standard peptide synthesis and coupling protocols. This will

provide new tools to detect and follow histidine-tagged proteins. More importantly,

as described in Section 8.3.5.2, it allows an unprecedented control of quantitative

labeling through affinity chromatography and opens a new route to multistep syn-

thesis of nanostructures.

8.3.5

Chromatography of Peptide-capped Nanoparticles

Protein chromatography techniques offer routes to separation based on size,

charge, hydrophobicity and affinity. Chromatography media have been optimized

to avoid unspecific interactions in the context of protein purification and, thus,

are compatible with peptide-capped nanomaterials. This provides a range of proto-

cols to obtain extremely well-defined and pure nanoparticles. Examples of size-

exclusion and affinity chromatography are presented below to illustrate the possi-

bilities these techniques offer. Ionic and hydrophobic exchange chromatographies

have also been used in purifying peptide-capped nanoparticles.

Fig. 8.10. Binding of bifunctional peptide-

capped particles labeled both with biotin and

DNA on microarrays. (A) Scheme of the

bifunctional particles. (B) Dark field imaging of

the protein microarray after binding of the

particles and silver enhancing. (C) Dark field

imaging of the DNA microarray after binding

of the particles and silver enhancing. (Adapted

from [85] with permission.)
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8.3.5.1 Size-exclusion Chromatography

Size-exclusion chromatography on Sephadex G25 provides a rapid means of sepa-

rating peptide-capped gold nanoparticles from small reagents, including free pep-

tide resulting from the preparation [79]. This process can be scaled up easily for

preparative and production purposes. By using a gel with a higher fractionation

range, particles of different sizes can be separated (Fig. 8.11).

8.3.5.2 Affinity Chromatography

Achieving precise control over the number of functional groups per nanoparticle is

an important challenge. Its resolution would open up new opportunities to probe

the formation of biological complexes and be an important step towards the prepa-

ration of well-defined nanostructures. For DNA-labeled peptide-capped particles,

Wang and colleagues have shown that the proportion of labeled peptide in the

preparation mixture correlates directly with the amount of label at the nanoparticle

surface [85]. Therefore, particles having a mean number of labels well below one

can be prepared by using a very low percentage of the labeled peptides. In

that case, simple combinatorial arguments show that the labeled particles will be

mainly particles having a single label. The problem is then analogous to a simple

protein purification problem (separation of labeled and unlabeled particles) and

can be solved using IMAC (Fig. 8.12). Particles are loaded on a Ni-NTA column,

and particles without a histidine tag do not bind, whereas particles having at least

one histidine tag are immobilized and then eluted from the column [92].

8.3.6

Recognition of Materials

The peptide toolbox provides various molecular tools for the specific recognition of

materials (Fig. 8.13, see p. 260). Phage display and cell-surface display are in vivo
combinatorial biology protocols for identifying biological ligands. The power of

such technologies relies on the size and diversity of the library used, combined

with the efficiency of the molecular biology tools in allowing easy identification

and amplification of the DNA encoding the selected peptide sequences. Libraries

are generated by inserting randomized oligonucleotides within certain genes en-

coded on phage genomes or on bacterial plasmids, leading to the incorporation of

a random polypeptide sequence within a protein residing on the surface of the or-

ganism (e.g., the coat protein of a phage or an outer membrane or flagellar protein

of a cell). Following the pioneering work of Brown on genetically engineered bind-

ing of E. coli to iron oxide [93], these protocols have been used to select peptides

that bind to various inorganic compounds [94]. Peptides with semiconductor bind-

ing specificity have been selected by phage display. Selective binding as a function

of crystal composition (e.g., binding to GaAs but not to Si) and crystalline face

[e.g., binding to (100) GaAs, but not to (111)B GaAs] was obtained [95]. A hexapep-

tide with specific binding to the surface of titanium was selected by phage display

[96]. Gold binding sequences were selected by cell-surface display, and their folding
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Fig. 8.11. Size-exclusion chromatography.

(A) Separation of CALNN-capped gold

nanoparticles from excess peptide and citrate

using Sephadex G25. Inset: separation of

CALNN-capped gold nanoparticles (red,

diameter@ 12 nm) from potassium

dichromate. (Reprinted with permission

from [79]. Copyright (2004) by ACS.)

(B) Separation of CALNN-capped gold

nanoparticles from 5 nm PEG-hydroxyl capped

silver nanoparticles, (R.C. Doty, unpublished

results). Top: absorbance spectra of collected

fractions. Bottom: Photograph of collected

fractions.
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in the presence of crystalline gold has been investigated by computer modeling

[94].

De novo design and molecular modeling, another strategy for obtaining affinity

towards materials, has been applied successfully to the design of a peptide (nano-

1) that binds and solubilizes carbon nanotubes [97, 98]. Nano-1 is designed to fold

into an amphiphilic a-helix and coat carbon nanotubes. The hydrophobic face of

the helix was intended to interact noncovalently with the aromatic surface of car-

bon nanotubes, and the hydrophilic face was designed to promote self-assembly

through charged peptide–peptide interactions.

8.3.7

Peptide-based Linkers

The development of crosslinking systems based on noncovalent interactions facili-

tates the detection and purification of recombinant proteins [99]. Only a handful of

these have been applied in the context of nanomaterials, and new affinity pairs are

being developed. The capabilities and versatility of peptide-based linkers are illus-

trated below for peptide–peptide, peptide–DNA and peptide–synthetic organic

molecule linkers.

Fig. 8.12. Separation of labeled and unlabeled

particles using IMAC (R. Lévy, unpublished

results). Top: scheme of the main steps of

affinity chromatography. Bottom: 1. Clean

Ni-NTA gel. 2. Loading of the labeled and

unlabeled particles. Only the labeled particles

bind to the matrix. 3. Washing; the bound

particles remain. 4. Elution with a competitor.

5. Clean Ni-NTA gel.
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8.3.7.1 A Peptide-Peptide Linker Based on Leucine-zipper Sequences

The peptide–peptide linker designed by Ryadnov and colleagues consists of three

leucine-zipper sequences of de novo design: one peptide, ‘‘the belt’’, templates the

co-assembly of the other two half-sized peptides, ‘‘the braces’’ [100]. When mixed,

the three peptides reversibly formed a predominantly helical and stable 1:1:1 ter-

nary complex. Surface plasmon resonance experiments demonstrated assembly of

the complex on gold surfaces, while the ability of the system to bring together

peptide-bound cargo was demonstrated using gold nanoparticles derivatized with

the brace peptides before the addition of the belt.

8.3.7.2 A Peptide-DNA Linker Based on Metallopeptides

Metallopeptides of the form Cu(ii) or Ni(ii) Gly-Gly-His are implicated in nucleic

acid recognition and reactivity phenomena. Recently, Fang and colleagues have

studied the minor-groove recognition of A/T-rich DNA sites by Ni(ii)-(l)-Arg-Gly-

His and Ni(ii)-(d)-Arg-Gly-His [101]. This study has important implications in

understanding protein binding to DNA, but it could also form the basis of new

assembly systems for DNA- and peptide-capped nanomaterials.

8.3.7.3 A Peptide-Texas Red Linker Obtained by Phage Display

A library of constrained peptides that form stable folded structures has been

screened for aptamers that bind with high affinity to the fluorescent dye Texas red

[102]. Two selected clones had binding constants to Texas red of 25 and 80 pm.

Thus, minimal, constrained peptides can bind to organic fluorescent dyes in bio-

logical contexts, allowing in vivo imaging with highly sensitive dyes and some de-

gree of genetic control. It also opens up new routes for the assembly of fluoro-

phores and nanoparticles.

8.3.8

Biologically Active Peptides

Numerous biologically active peptides have been identified and their potential as

biomarkers and drugs are under evaluation [103]. Moreover, phage-display technol-

ogy provides novel peptides that bind protein targets with high affinity and specif-

icity, offering many opportunities in drug discovery [104]. A review of natural and

selected biologically active peptides is far beyond the aim of this chapter. The fol-

lowing example illustrates the benefits of conjugating some of these sequences to

nanoparticles. The nanoparticles can play the role of geometrically defined support

for the simultaneous presence of multiple sequences as well as the role of optical

label for the real-time imaging of these conjugates. Tkachenko and colleagues have

prepared peptide–BSA conjugated particles that carry both a receptor-mediated en-

docytosis peptide and a nuclear localization signal [105]. The particles’ localization

was monitored inside cells using a combination of video-enhanced color micros-

copy and differential interference contrast microscopy, revealing an effective target-

ing of the cell nucleus. Particles bearing only one of the two signal sequences did

not target effectively the nucleus. Kanaras and colleagues have demonstrated the
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use of DNA processing enzymes (restriction endonucleases, ligase) for multistep

nanostructure synthesis using DNA-protected nanoparticles [106]. Similarly, nano-

particles conjugated with peptide sequences comprising enzyme recognition sites

(e.g., proteases, kinases or phosphatases) will offer new perspectives for monitor-

ing enzyme activity and for the controlled assembly of nanostructures.

8.3.9

Self-assembling Peptides

Recently, partly driven by the elucidation of the mechanisms of amyloid fibril for-

mation, a series of articles have revealed the fascinating self-assembly properties of

peptides into fibers, nanotubes, micelles, vesicles, and hydrogels (Fig. 8.14) [107–

109]. These assemblies exploit various interactions and, eventually, mimic existing

biological assemblies. Early work includes the development of biomimetic mate-

rials based on self-assembly of ionic self-complementary peptides [110].

8.3.9.1 Fibers and Nanotubes

Alzheimer’s beta-amyloid diphenylalanine structural motif has been reported to

self-assemble into discrete, stiff nanotubes. Reduction of ionic silver within the

Fig. 8.13. Recognition of materials by selected

or designed peptides. (A) Peptide selected by

phage-display: model of the RKLPDA peptide

binding to the surface of titanium. (B) Peptide

designed through molecular modeling: model

of the peptide Nano-1 wrapping around a

carbon nanotube. (C) Peptide selected by cell-

surface display: model of a gold binding

peptide. (A) reprinted with permission from

[96]. Copyright (2003) by ACS. (B) reprinted

with permission from [97]. Copyright (2003)
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nanotubes, followed by enzymatic degradation of the peptide backbone, produced

discrete nanowires with a length in the micron range and a diameter of around

100 nm [111].

Woolfson and colleagues have focused on fiber-forming peptides based on the

alpha-helical coiled coil, which is a widespread and well-understood protein–

protein interaction motif. These peptides form fibers that are over 10 mm long

with diameters around 100 nm. Interestingly, a degree of control over their mor-

phology was achieved with mutation-inducing kinks or branching [112–115].

Hierarchical self-assembly of a therapeutic octapeptide, namely Lanreotide, has

been revealed at an atomic scale using a combination of characterization tech-

Fig. 8.14. Peptide self assemblies.

(A) Nanotubes: crystalline structure of the wall

of Lanreotide nanotubes. Left: two-dimensional

Patterson function, indicating the main

electron density variations of the nanotubes

wall. Right: Zoom of the unit cell, showing the

beta-hairpin backbone of Lanreotide. The black

circles indicate the 2-fold symmetry axes.

(B) Fibers: TEM image of a peptide fiber

containing a proportion of a branch-promoting

peptide. (C) Hydrogel: Laser scanning confocal

microscopy image of hydrogel microstructure

obtained by the assembly of a beta-hairpin

designed peptide. Black regions are water-filled

pores and channels. (D) Giant vesicles:

DIC image of giant vesicles formed by the

assembly of amphiphilic block copolypeptide.

(A) reprinted with permission from [116].

Copyright (2003) by National Academy of

Sciences of the USA. (B) reprinted with

permission from [113]. (C) reprinted with

permission from [118]. Copyright (2002) by the

ACS. (D) reprinted with permission from [120].

Copyright (2002) by the NPG.
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niques (optical and electron microscopies, vibrational spectroscopies, and small

and wide-angle X-ray scattering) [116]. This peptide forms hexagonal packing of

nanotubes with a high degree of monodispersity in tube diameter (24 nm) and

wall thickness (@1.8 nm). The diameter is tunable by suitable modifications of the

molecular structure.

8.3.9.2 Peptide-based Amphiphiles

Amphiphilic molecules tend to form well-defined assemblies (e.g., micelles and bi-

layers) to minimize the contact between the hydrophobic moieties and the aqueous

environment. Recent major developments in the design and the structures formed

by amphiphilic peptides have been reviewed [117]. Selected papers illustrate the va-

riety of structures formed: One of the attractive properties of these systems is the

possibility of easily tuning assembly by external parameters such as the pH and

temperature. Kretsinger and colleagues have presented a very elegant way to engi-

neer a stimulus-dependant hydrogel [118]. They have designed a peptide with a

pH-dependent intramolecular folding. When folded in a beta-hairpin, this peptide

has a propensity to self-assemble into rigid hydrogels with shear-thinning proper-

ties and quick mechanical strength recovery. Cryo-transmission electron and laser

scanning confocal microscopies revealed a water-filled porous scaffold on both the

nano- and microscale. Larger block copolypeptides (@200 amino acids) have been

studied by Deming and colleagues [119, 120]. In the first study, the authors used

charged amino acids (polylysine and polyglutamate) as hydrophilic blocks. This re-

sulted in hydrogels at very low concentration. In the second study, ethylene glycol-

modified amino acid building blocks were used in the hydrophilic domain to give

polypeptide segments with stable a-helical conformations, affording giant vesicles

into which functionality could be incorporated.

8.4

Concluding Remarks

With the arrival of new detection systems for metallic nanoparticles, e.g., the photo-

thermal method developed by Lounis and co-workers, restrictions on particle size

have been greatly reduced. Previously, single-particle detection was limited to par-

ticles with diameters > 30 nm (by light scattering). However, now that particles

with a diameter of < 5 nm can be detected photothermally, the emphasis for bio-

logical applications of nanotechnology has moved from particle stability to particle

functionalization, where it belongs. Peptide capping ligands confer protein-like

properties to nanoparticles in terms of water solubility, stability and molecular rec-

ognition properties. As a result of their protein-like behavior, functionalized par-

ticles can be separated easily from unfunctionalized particles by standard chro-

matographic techniques, i.e., ion-exchange or metal-ion affinity chromatography.

Mixed peptide monolayers on nanoparticles might offer a route towards artificial

proteins and enzymes. Peptides offer numerous possibilities in terms of self-

assembly, molecular recognition, biological activity, etc., and peptide-capped nano-
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particles offer a unique opportunity to integrate these properties into new and

complex materials.
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9

Folate-linked Lipid-based Nanoparticles for

Tumor-targeted Gene Therapy

Yoshiyuki Hattori and Yoshie Maitani

9.1

Introduction

Cancer gene therapy has been intensively developed using non-viral vector [1].

Viral vectors such as retroviruses [2], adenoviruses [3], adeno-associated viruses [4]

and several other viral types [5], are efficient in transfection, but pose risks to the

host from the immunogenicity of viral proteins, a lack of desired tissue selectivity,

the potential for oncogenesis due to chromosomal integration, and the generation

of infectious viruses due to recombination, making non-viral vectors an attractive

alternative. Synthetic vectors such as cationic polymers, liposomes and nanopar-

ticles have been studied widely for DNA delivery due to their potential for tissue-

specific targeting, their lack of immunogenicity, the relative safety, and relative

ease of large-scale production. For targeted delivery to tumors, vitamin folic acid

has been utilized for folate receptor (FR)-mediated drug delivery since the FR is

frequently overexpressed on human tumors [6, 7]. Liposomes conjugated to folate

ligand have been reported as carriers of chemotherapeutic agents to FR-bearing tu-

mor cells in vivo [8–14]. While much has been published on folate-drug conjugates

and folate-linked carriers, relatively little is known about the targeting of gene de-

livery. The use of a folate ligand as a targeting ligand to deliver DNA has also been

reported in vitro [15–19], but has not been successful in in vivo gene therapy

[20, 21]. Therefore, in this chapter, we describe the current understanding of

tumor-targeting particle vectors and folate-linked lipid-based vectors such as lipo-

somes and nanoparticles. Information pertaining to the formulation of folate-

linked lipid-based nanoparticles, their transfection activity in vitro and in vivo in

suicide gene therapy to treat prostate and nasopharyngeal tumors in vivo is also

included.

9.2

Gene Delivery and Expression System

Plasmids for gene expression system contain a cDNA coding for either a full gene

or minigene and several other genetic elements, including introns, polyadenylation
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sequences and transcript stabilizers to control transcription, translation, protein

stability and secretion from the host cells [22]. The minimal transcription unit re-

quired for expression of a therapeutic protein consists of 5 0 enhancer/promoter up-

stream of the gene encoding for the therapeutic protein (e.g., HSV-tk or cytosine

deaminase, etc.) and a polyadenylation signal downstream of the gene. Several pro-

moters originating from eukaryotic viruses, such as cytomegalovirus (CMV), simi-

lian virus 40 (SV40), Moloney murine leukemia virus (MoMLV), and Rous sarcoma

virus (RSV) are widely used. Tumor-specific promoters (e.g., carcinoembryonic an-

tigen (CEA) [23], alpha-fetoprotein (AFP) [24], midkine [25], prostate specific anti-

gen (PSA) [26], etc.) for cancer gene therapy are also designed to interact with tran-

scription factors or other nuclear proteins present in the desired target cells [27].

A major requirement for gene therapy is efficient transport of DNA through the

cell membrane by processes that are not well defined. The mechanistic pathway for

gene transfection includes the compaction of extended plasmid DNA chain. This

process, also known as DNA condensation, has received considerable attention in

recent years due to its biological importance in DNA packaging in the development

of gene delivery [28, 29]. Multivalent cations such as polyamines (spermidine, sper-

mine), positively charged polymers (polyethylenimine, PEI) and peptides (poly-l-

lysine, PLL) provoke the condensation of DNA to nanoparticles [28, 30].

Non-viral particle systems generally entail complex/encapsulation of the gene of

interest (present, along with appropriate promoters, etc., in a circular plasmid)

with additional molecules, particularly various lipids. These generally display a

positive charge and hence interact with the negatively charged DNA molecules.

Inside the cytoplasm, endosomes are destabilized and release the plasmid DNA,

although this is an inefficient process in many cases [31]. Once plasmid DNA is

released into the cytoplasm, it may enter the nucleus. DNA is transported across

the nuclear envelope through the nuclear pore. While smaller particles of 25 nm

can freely diffuse through the nuclear pore, which is@55 nm in diameter, larger

molecules enter the nucleus through the nuclear pore complex [32, 33]. Finally,

therapeutic protein is transcribed and translated from plasmid DNA. Genes intro-

duced into cells using particle vectors are episomal and provide transient expres-

sion of transgenes.

9.3

Nanoparticles for Gene Delivery System

Systemic administration via intravenous injection rarely achieves meaningful cell

transfection. This is most likely due to the high nuclease levels present in serum.

Particle vectors can stabilize the DNA, protect it, e.g., from serum nuclease, and

ideally interact with the biological system when particles modified with ligands,

for example, help target the DNA to particular cells, leading to endocytosis. How-

ever, a major limitation of these systems is their inability to cross-intact endothelial

barriers and leave general circulation. In general, particle carriers are phagocytosed

by the macrophages of the mononuclear phagocytotic cells (MPS), thereby rapidly
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localizing predominantly in the liver and spleen [34]. However, sterically stabilized

particle carriers such as polyethylene glycol (PEG)-coated nanoparticles have ex-

tended circulation times and can remain in the blood [35]. Such nanoparticles,

known as long-circulating nanoparticles, tend to accumulate in tumors as a result

of increased microvascular permeability and defective lymphatic drainage, a pro-

cess also referred to as the enhanced permeability and retention (EPR) effect. This

is a passive and non-specific process of extravasation that is statically improved by

the prolonged residence time of nanoparticles in circulation and repeated passages

through the tumor microvascular bed. These ideas have already been realized in

liposomal products such as Doxil2.

Liposomes coated with the monoclonal antibodies (mAbs) (immunoliposomes)

can provide target-specific binding to the cells [36]. The ligand can be coupled di-

rectly to the liposome surface; however, the PEG chains may provide steric hin-

drance to receptor binding. Alternatively, a bi-functional PEG linker can be used

to couple liposomes to one end of PEG chains and ligands to the other end. Steric

hindrance is not a problem in the latter approach. The primary focus of their use

has been in the targeted delivery of anticancer agents. Hosokawa et al. [37] have

reported efficacy of immunoliposomal doxorubicin on cancer models in a cell-

surface-antigen-density-dependent manner.

Active targeting increases the affinity of the carrier system for the target site

while passive targeting minimizes the non-specific interaction with non-targeted

sites by the reticuloendothelial systems (RES). However, gene transfer activity after

intravenous injection of a cationic liposome/plasmid DNA complex is most preva-

lent in the lung [38]. The challenge for tumor-specific targeting using particulate

gene delivery systems is to decrease this non-specific gene transfer in the lung

while simultaneously maintaining or increasing the level of gene transfer to the

tumor tissues. Xu et al. [39] have reported that a cationic immunolipoplex system

directed by a single-chain antibody variable region fragment (scFv) against the

human transferrin receptor enhanced the transfection efficiency both in vitro and

in vivo. Anti-Her-2 mAb [40], anti-transferrin receptor mAb [39], and growth factor,

such as a transferrin, which is a high affinity ligand for the transferrin receptor

[41, 42], have been used for tumor-targeting. Other ligands, such as sugar (galac-

tose [43] and glucose [44]), folic acid [45], or RGD-peptide [46], which are associ-

ated with asialoglycoprotein receptor on the hepatocyte, folate receptor, and integ-

rin, respectively, in actively growing cells and tumor, can be used.

9.4

Folate-linked Vectors

Folic acid as a targeting ligand offers many potential advantages: (a) a small target-

ing ligand, often leading to favorable pharmacokinetic properties of the folate con-

jugates and reduced probability of immunogenicity; (b) convenient availability and

low cost; (c) relatively simple and defined conjugation chemistry; (d) high affinity

for FR and lack of FR expression in normal tissue; (e) the receptor–ligand complex
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can be induced to internalize via endocytosis; and (f ) high frequency of FR over-

expression among human tumors. Therefore, folate-linked targeting systems

show great potential for clinical and therapeutic application.

9.4.1

Folate Receptors

Folate receptor (FR) is overexpressed in a wide range of tumors, and is known as a

high-affinity membrane folate-binding protein, which mediates uptake of the vita-

min by receptor-mediated endocytosis. Therefore, it presents an attractive target for

tumor-selective delivery. FR-targeting materials can continuously accumulate into

cells due to receptor recycling. FR-targeting imaging agents arrived on the market

in 2004. Three isoforms of FR have been identified and two, FR-a and -b, are

attached to the cell by a glycosylphosphatidylinositol (GPI)-anchor, while FR-g is

secreted due to the lack of an efficient signal for GPI modification [7]. The role of

FRs in the cellular transport of folate is not well understood, although a potocytosis

(caveolin-coated endocytosis) model has been proposed [47]. FR-a was found to be

clustered in a membrane region called caveolae or rafts [47]. While an elevated ex-

pression of FR has frequently been observed in various types of human tumors,

the receptor is generally absent in normal tissues with the exception of the choroid

plexus and placenta, with low levels in the lung, thyroid and kidney [48]. FR-a is

frequently overexpressed in tumors, including ovarian, colorectal, breast, lung,

renal cell carcinomas and brain metastases derived from epithelial cancers [6, 7].

FR-b is frequently overexpressed in tumors of non-epithelial cell lineages such as

sarcomas and acute myeloid leukemia [49], and FR-g is overexpressed in malignant

hemopoietic cells [50]. The causes of FR overexpression in tumors are unclear, but

high levels of FR may be associated with increased biological aggressiveness of

carcinomas.

9.4.2

Folate Receptor-targeting Liposomes

Liposomes used in recent studies have been coated with folate-PEG-lipid to facili-

tate tumor-targeting by an active mechanism (via FR) and a passive mechanism

(prevention/reduction of RES uptake) [20, 51]. PEGylated lipids can significantly

reduce non-specific gene transfer activity in the lung, and conjugation of the target-

ing ligand, folate, to the PEG chain can restore this activity in FR-positive tumors

in vivo [20]. For intravascular targeting to access tumor cells expressing FR, lipo-

somes must cross the vascular endothelium and diffuse into the interstitial fluid

(Fig. 9.1) [51]. The theoretical advantage of FR-targeting over non-targeting is re-

lated to a shift in the distribution of the liposomes to the tumor cell compartment

and delivery of the genes. The disadvantage of a system targeting a cancer cell re-

ceptor such as FR is the difficulty that a large nano-size assembly has in penetrat-

ing a solid tumor mass. Many cell types, including most tumor cells, display a low

endocytotic capacity. Since the intracellular mechanism of FR-targeted gene deliv-
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ery with liposomes and nanoparticles is endocytosis, this is a serious limitation to

the successful application of FR-targeted lipid-based particle delivery systems. The

development of suitable delivery vectors for in vivo gene transfer is necessary for

the clinical application of therapeutic genes.

Several cationic polymer–folate conjugates and/or cationic liposomes, and cati-

onic nanoparticles incorporating folate-derivatives have been developed for FR-

targeted gene delivery (Table 9.1). Folic acid retains its receptor-binding and

endocytotic properties when covalently linked to a wide variety of molecules. Poly-

plexes are composed of charged complexes of plasmid DNA and a cationic poly-

mer, such as poly-l-lysine (PLL), polyethylenimine (PEI) and polyamidoamine

dendrimers. For FR-targeted gene delivery, PLL-folate [52–54], PLL-PEG-folate

[55], PEI-folate [56], PEI-PEG-folate [56, 57], and poly(dimethylaminomethyl meth-

acrylate) (pDMAEMA)-PEG-folate [58] have been synthesized (Fig. 9.2). These

folate-conjugates facilitated efficient FR-targeted gene delivery without additional

vector components in vitro. It appears that the incorporation of a long PEG spacer

between folate and the cationic polymer is important for efficient FR-targeted gene

delivery [54].

Fig. 9.1. Scheme illustrating the concept of

using FR-targeting nanoparticles to deliver

plasmid DNA to tumor cells. Dots and helixes

on the nanoparticles represent the folate

ligands and plasmid DNA, respectively. The

various steps involved in the targeting process

are numbered 1–5. Steps 1 and 2 are common

to non-targeted and FR-targeting nanoparticles

mixed with plasmid DNA (nanoplex). Steps

3–5 are specific to the FR-targeting vector.

(1) long-circulating nanoplexes make more

passages through the tumor microvasculature.

(2) Increased vascular permeability in tumor

tissue enables nanoplexes to extravasate and

reach the tumor interstitial fluid. (3) FR-

targeting nanoplexes bind to FR expressed on

the tumor membrane via the folate ligand.

(4) Nanoplexes are internalized by tumor cells

via FR. (5) Internalized nanoplexes release

their plasmid DNA in the cytoplasm.
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Lipoplexes are composed of charge complexes of plasmid DNA and cationic

liposome. Lipopolyplexes are composed of plasmid DNA attached to both poly-

mers and lipids. Cationic liposomes are generally composed of a cationic lipid, such

as dioleoyltrimethylammonium chloride (DOTMA), dioleoyltrimethylammonium

propane (DOTAP), or 3-[N-(N,N 0-dimethylaminoethanolamine)carbamoyl]choles-

terol (DC-Chol), and a helper lipid, such as dioleoylphosphatidylethanolamine

(DOPE) or cholesterol (Chol), which provides fusogenicity and stability to the

lipoplex. Depending on the preparation, the lipoplex may not be a single aggre-

gate, but an intricate structure in which the condensed DNA is surrounded by a

lipid bilayer. FR-targeting cationic liposomes have been incorporated with folate-

derivatives, folate-DOPE [59], folate-PEG-DOPE [15, 16], folate-PEG-DSPE [17–

21, 60], folate-PEG-Chol [20], etc. (Fig. 9.2). Hofland et al. [20] have shown that

both folate-PEG3400-DSPE and folate-PEG4600-Chol, when combined with a cationic

lipid RPR209120 and DOPE, formed lipoplexes with greatly reduced normal tissue

gene transfer and efficient in vivo tumor gene transfer.

LPDI-type lipoplexes (lipopolyplex) consist of a ternary complex of cationic lipo-

somes, DNA-condensing polycation, and plasmid DNA. In a report by Reddy et al.

[21], polyplexes prepared from protamine were mixed with cationic liposomes con-

taining folate-PEG3400-DSPE as a targeting ligand and DOPE as a helper lipid. This

vector showed superior transfection activity in FR-positive M109 murine lung car-

cinoma cells as well as in ascitic cells derived from L1210A murine lymphocytic

leukemia cells. LPDII-type lipoplexes (lipopolyplex) consist of a ternary complex

of anionic liposomes, DNA-condensing polycation, and plasmid DNA. Lee et al.

[16] have reported a formulation of LPDII-type vector, in which DNA was first at-

tached to PLL and then mixed with pH-sensitive anionic liposomes composed of

DOPE/CHEMS/folate-PEG3350-DOPE. The pH-sensitive liposomes are fusogenic

at acidic pH and thus can be used to facilitate endosomal disruption and subse-

quent release of plasmids in the cytoplasm. Shi et al. [61] have reported efficient

gene delivery using an LPDII vector that incorporated PEI as a DNA-condensing

agent and a cationic/anionic lipid pair, composed of dimethyldioctadecylammo-

nium bromide (DDAB)/CHEMS/polyoxyethylene sorbitan monoolate (Tween80)/

folate-PEG3350-DSPE.

9.5

Folate-linked Lipid-based Nanoparticles

Preferential expression of a gene in tumor cells contributes to the safety and effi-

cacy of gene therapy. For FR-targeted gene transfection, the concentrations of folic

acid and linker in vectors are important.

9.5.1

Formulations

For drug delivery, folate-targeting liposomes contained 0.1–0.5 mol% folate-

PEG2000-DSPE or folate-PEG3400-DSPE for targeting, and about 4 mol% PEG2000-
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DSPE was used for PEG-coating [8–13]. For gene delivery, FR-targeting liposomes

and nanoparticles contained 0.03–5 mol% folate-PEG-lipid. Reddy et al. [21] have

reported that a cationic liposome formulated with less than 0.03 mol% of folate-

PEG3400-DSPE showed the greatest cell association. Folate moieties located at the

distal end of the PEG spacers would likely not interact at concentrations lower

than 0.03%. Bruckheimer et al. [60] have reported that 2 mol% folate-PEG3400-

DSPE conjugate increased the cellular association with tumor cells and transfec-

tion potency. FR-targeting cationic nanoparticles incorporating 2 mol% folate-

PEG3400-DPPE showed efficient FR-dependent cellular uptake and transfection

[62], and cationic liposomes with 5 mol% folate-PEG4600-Chol showed high gene

transfer activity into a FR-positive cell line, M109 [20]. Xu et al. [59] have reported

specific in vivo gene delivery to tumors with a liposome containing about 5 mol%

folate-DOPE. Dauty et al. [62] have reported that an FR-targeting cationic nanopar-

ticle incorporating folate-PEG3400-DPPE and a cationic dithiol-detergent [dimerized

tetradecyl-ornithinyl-cysteine, (C14Corn)2] shows efficient FR-dependent cellular

uptake and transfection.

As a linker of folate, PEG of Mr 2000–5000 has been used (Table 9.1). A

certain distance between the folate moiety and the lipid particles is needed for FR-

targeting, due to the need for folate to enter the binding pocket of FR on the cell

surface. Lee et al. [45] first described the dependence of folate-liposome targeting

on the distance between the folate and liposome, and reported that a PEG3400

linker was necessary for the targeting. Leamon et al. [17] optimized the targeting

activity of the liposomes by modifying the length of the PEG-linker, and found

that PEGs as small as Mr 1000 could function as effective linkers. Ward et al. [54]

have reported that a folate-linked PEG800-polymer-modified PLL/DNA complex did

not lead to a significant increase in in vitro transgene expression. A PEG spacer

with Mr > 1000 might be essential for FR-targeting.

Folate-linked microemulsions have been used composed of 0.24 mol% folate-

lipid (F0/M), folate-PEG2000-DSPE (F2/M) or folate-PEG5000-DSPE (F5/M) for tar-

geting, and 6.7 mol% PEG2000-DSPE for PEG-coating and forming emulsion (Fig.

9.3) [14]. Selectivity of folate-linked microemulsions for delivery into KB cells was

validated by flow cytometry (Fig. 9.4). The mean fluorescence intensities of F5/M

Fig. 9.3. Schematic diagrams of the microemulsion and the folate-linked microemulsions.
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and F2/M had ca. 200- and 4-fold greater association than non-folate microemul-

sion, respectively. In contrast, F0/M showed a similar curve to non-folate micro-

emulsion. These results correspond well with the idea that conjugating folate to a

shorter PEG polymer reduces folate exposure by interference with the ability of

liposome to interact with FR [9]. Additionally, these increased associations of

F5/M and F2/M could be blocked completely by adding 2 mm free folic acid to

the medium [14]. Extending the PEG-chain length of the folate-PEG-lipid from 0

to Mr 2000, and Mr 2000–5000, dramatically improved the selective FR-mediated

association and the cytotoxicity of folate-linked microemulsions loading anticancer

drug in vitro [14].
Folate-linked nanoparticles (NPI), consisting of 1 mg mL�1 DC-Chol as a cat-

ionic lipid, 5 mol% conventional Tween 80 (about 50% pure), and 0–1 mol%

folate-PEG2000-DSPE (f-PEG2000-DSPE) or folate-PEG5000-DSPE (f-PEG5000-DSPE),

respectively, have been prepared by a modified ethanol injection method [63, 64].

All nanoparticles were about 100–200 nm in size, with an z-potential of about

50 mV. Here the definition of a lipid-based nanoparticle is a formula containing

no bilayers like liposomes. Cholesterol derivatives are usually unable to form

stable bilayers unless used in combination with DOPE or some other neutral lipid.

Therefore, these particles may be nanoparticles. Figure 9.5 illustrates some folate-

linked nanoparticles.

Fig. 9.4. Association of 1,1 0-dioctadecyl-3,3,3 0,3 0-
tetramethylindocarbocyanine perchlorate (DiI)-labeled F5/M,

F2/M, F0/M and microemulsion with KB cells after 1 h

incubation was analyzed by flow cytometry. [14]
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9.5.2

Nanoplex and Transfection Activity In Vitro

Nanoplexes are composed of charged complexes of plasmid DNA and cationic

nanoparticles. The size of nanoplexes of NPI with 0.3 mol% f-PEG2000-DSPE at a

charge ratio (þ/�) of cationic nanoparticle to DNA of 3:1 in the presence of 50%

serum increased up to 940 nm. Nanoplexes of NPI with 1 mol% f-PEG5000-DSPE

did not increase greatly in size in serum-containing medium, but showed lower

transfection activity than that with 1 mol% f-PEG2000-DSPE [63].

Folate-linked nanoparticles (NPII) have been composed with the same composi-

tion as NPI with 1–3 mol% f-PEG2000-DSPE except for the substitution of Tween

80 (purity 99%) for conventional Tween 80. Each NPII was, on average, ca. 100–

200 nm [64] (Table 9.2). Three mol% of f-PEG2000-DSPE may not be incorporated

in NPII because no reduction in the z-potential of NPII was seen upon the addition

of f-PEG2000-DSPE (about 55 mV) [64]. The concentration of f-PEG2000-DSPE in an

ethanol–water mixture to prepare NPII-2F containing 2 mol% f-PEG2000-DSPE,

and NPII-3F containing 3 mol% f-PEG2000-DSPE, was about 40 and 60 mm, respec-

tively. f-PEG2000-DSPE below the critical micelle concentration (c.m.c.) might lead

to efficient incorporation into the particles. However, f-PEG2000-DSPE above the

c.m.c. may help to stabilize micellized f-PEG2000-DSPE and lead to inefficient inser-

tion into the particle. The c.m.c. of f-PEG2000-DSPE may be between 40 and 60 mm

Fig. 9.5. Schematic structure of folate-linked nanoparticles

composed of folate-PEG2000-DSPE, DC-Chol, OH-Chol and

Tween 80 (NPI-, NPII-, NPIII-F).
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and might affect the incorporation of f-PEG2000-DSPE in NPII-3F with 3 mol%

f-PEG2000-DSPE.

In the presence of 10% and 50% serum, NPII-2F with 2 mol% f-PEG2000-DSPE

(NPII-F) formed injectable-sized nanoplexes (Table 9.2), which showed the highest

transfection efficiency among NPII with 0–3 mol% f-PEG2000-DSPE, at the optimal

charge ratio (þ/�) of 3:1 in nasopharyngeal cancer KB cells, being comparable to

Tfx20, a commercially available DNA transfection reagent (Fig. 9.6) [64].

9.5.3

Selectivity of Folate-linked Nanoparticle

NPII-F showed greater transfection efficiency in human prostate cancer LNCaP

cells, human prostate adenocarcinoma PC-3 cells, and human cervix carcinoma

HeLa cells, than in KB cells, in the comparison with Tfx20 (Fig. 9.7A). There were

three FR isoforms, a, b and g, each with a distinctive tissue distribution. FR-a

mRNA was expressed strongly in KB and HeLa cells, but not in either LNCaP or

PC-3 cells (Fig. 9.7B). FR-b and -g mRNAs were not detected in any of the cell lines

using the RT-PCR method. Reduced folate carrier (RFC), a carrier-mediated folate

transporter, was weakly expressed in all cell lines examined (Fig. 9.7B). Cellular up-

take of NPII-F in HeLa and KB cells was mediated via FR-a, following the induc-

tion of transfection activity. The selectivity of NPII-F to carry genes into KB cells

Fig. 9.6. Comparison of transfection efficiency

in KB cells with luciferase expression between

NPII nanoparticles and Tfx20. The NPII

nanoplex and the lipoplex were prepared by

mixing luciferase plasmid (2 mg) with the

luciferase gene under the control of the

cytomegalovirus (CMV) promoter, with

nanoparticles and Tfx20, respectively. The

luciferase assay was carried out 24 h after

incubation of nanoplexes in the medium with

10% serum. Each column represents the

meanG S.D. (n ¼ 3). **P < 0:01, compared

with NPII-F. NPII-F refers to the formulation in

Table 9.2.
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was validated using FITC-oligodeoxynucleotide (FITC-ODN) from the result of a

competitive experiment in the presence of folic acid by flow cytometry [64].

In LNCaP and PC-3 cells, FR mRNAs were not often observed. In the human

prostate, a high-affinity folate binding protein has been characterized [65] and folic

acid binds to the membrane fraction that cross-reacts with the anti-prostate-specific

membrane antigen (PSMA) antibody. PSMA is a transmembrane protein with a

pattern of overexpression restricted to malignant human prostate tissue and

LNCaP cells [66]. The physiological role of PSMA in prostate cancer remains un-

known, but PSMA shows hydrolase enzymatic activity with a folate substrate [66]

and is internalized via an endocytic mechanism [67]. If PSMA functions as a recep-

tor mediating the internalization of a putative ligand similar to folic acid, this sug-

gests that the folate-linked nanoparticle binds to PMSA and is then taken up via an

endocytic mechanism by LNCaP cells as we reported [63].

In PC-3 cells, our study using RT-PCR confirmed the presence of RFC mRNA,

but found no FR or PSMA mRNA [64]. A FITC-labeled folate-BSA conjugate was

taken up by PC-3 cells and the cellular association was significantly decreased

in the presence of 1 mm folic acid [64]. Xu et al. [59] also reported that a folate-

cationic liposome system could mediate gene therapy with p53 antisense DNA in

prostate cancer (DU145 cells). We found that NPII-F is a useful vector for transfec-

tion in prostate androgen-dependent and -independent cancer cells as well as KB

cells.

Nanoparticles composed of cholesteryl-3b-carboxyamidoethylene-N-hydroxyl-
amine (OH-Chol) instead of DC-Chol (NPIII) could incorporate up to 5 mol%

f-PEG2000-DSPE (Fig. 9.5). For FR-targeted vectors, NPIII-1F (NPIII-F), -2F and -5F

Fig. 9.7. Comparison of transfection efficiency

between NPII-F and Tfx20 in the NPII-F

nanoplexes and Tfx20 lipoplex delivered with

the luciferase plasmid into various cell lines

(A). Each column represents the meanG S.D.

(n ¼ 3). FR-a, RFC and b-actin mRNA

expression were detected in various cell lines

by RT-PCR (B). NPII-F refers to the formulation

in Table 9.2.
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consisted of NPIII with 1, 2 and 5 mol% f-PEG2000-DSPE, respectively. The average

size of each nanoparticle was 100–200 nm (Fig. 9.8A) [68]. When the NPIII nano-

particles were mixed with DNA at a charge ratio (þ/�) of 3:1 in water, each NPIII

nanoplex increased from 250 to 300 nm (Fig. 9.8B) [68]. When the amount

of f-PEG2000-DSPE in NPIII was increased, association of plasmid DNA with nano-

particles was inhibited significantly (Fig. 9.9) and a reduction in luciferase activity

was observed [68]. A large amount of f-PEG2000-DSPE in nanoparticles might pre-

vent enough DNA being carried into the cells, and/or reduce the cellular associa-

tion with the nanoplex as reported in PEG-lipid [69]. The NPIII-F based on OH-

Chol exhibited about 40� higher transfection efficiency than the NPII-F based on

DC-Chol in KB cells [64, 68]. The hydroxyl group of OH-Chol reportedly reduced

the stability of the lipoplex, and enhanced transfection efficiency by facilitating the

process by which DNA was liberated from the endosome [70].

It is reported that a negatively charged folic acid forms a charge-mediated com-

plex with positively charged particles through its carboxyl groups and has an effect

on transfection efficiency [71]. We prepared nanoplexes in water at a charge ratio

(þ/�) of 1:1 to protect to form complex for co-incubation of the positively charged

NPIII with folic acid in the medium, and then incubated them with KB cells.

Cellular association of FR-targeting NPIIIs occurred via FR and the interaction of

1 mol% f-PEG2000-DSPE in the NPIII with FR was higher than that of 2 and

5 mol% ones (Fig. 9.10). NPIII-F with 1 mol% f-PEG2000-DSPE nanoplexes at a

charge ratio (þ/�) of NP-F to DNA of 1:1 exhibited higher selectivity to FR, but

lower transfection activity relative to that at a charge ratio (þ/�) of 3:1 in vitro

Fig. 9.8. Scanning electron micrographs of

NPIII-F nanoparticles (A) and NPIII-F

nanoplexes (B). In (B), NPIII-F nanoparticles,

NPIII with 1 mol% folate-PEG2000-DSPE, were

mixed for 10 min at a charge ratio (þ/�) of

3:1 with plasmid DNA in water. The method

used to visualize the nanoparticles and

nanoplexes was adapted [44]. Briefly, aliquots

of 10 mL prepared samples were placed on the

copper platform and dried. The nanoparticle

and nanoplex layers on the copper platform

were coated with platinum and observed with a

scanning electron microscope (SEM).
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[68]. From a competitive experiment of luciferase assay in the presence of free folic

acid in the medium, gene expression of the NPIII-F with 1 mol% f-PEG2000-DSPE

nanoplexes was reduced [68]. For selectivity and transfection activity in FR-targeted

gene delivery, the charge ratio of folate-linked lipid-based nanoparticles to DNA

needs to be optimized.

9.5.4

Transfection Activity In Vivo

Both systemic and local administration offers several biological opportunities for

gene therapy. The systemic route allows non-invasive access to many target cells

that are not accessible otherwise by direct administration. Folate-linked liposomes

showed efficient FR-dependent cellular uptake and transfection in vitro. However,

the use of a folate ligand as a targeting ligand to deliver DNA has not been success-

ful in in vivo gene therapy [20, 21]. The major limitation of in vivo gene therapy

using liposomes is the low transfection efficiency. Several factors can adversely

affect FR-targeted gene transfer in vivo. The first is the presence of endogenous

folate in the systemic circulation, which potentially can block FR-binding. Plasma

folic acid may interfere with the binding of FR. The human serum folic acid con-

Fig. 9.9. Association of plasmid DNA with

NPIII nanoplexes formed in water at various

charge ratios (þ/�), analyzed using agarose

gel electrophoresis. One microgram of Plasmid

DNA was mixed with aliquots of NPIII at

various charge ratios in water. After a 10 min-

incubation, the nanoplexes were analyzed by

1.5% agarose gel electrophoresis. Charge

ratios (þ/�) of nanoparticle:plasmid DNA ¼
1:1, 2:1, 3:1, 4:1 and 5:1. O.C. indicates open

circular plasmid; S.C. indicates supercoiled

plasmid. NPIII refers to the formulation in

Table 9.2, substituting OH-Chol for DC-Chol.

NPIII-F contains NPIII with 1 mol% folate-

PEG2000-DSPE.

9.5 Folate-linked Lipid-based Nanoparticles 285



centration, following FDA-mandated dietary supplementation, is@42 nm [72]. Ear-

lier reports [45] indicated that serum folic acid at this concentration should not

inhibit significantly the binding of FR mediated by liposomes. Our recent study

[64] showed that mice on a folate-deficient were actually able to maintain a plasma

folate level within the physiologic range of humans diet. In contrast, mice on a

normal diet maintained a much higher serum concentration of folic acid. There-

fore, mice on a folate-deficient diet should be considered relevant to humans with

respect to serum folate levels. A second concern is that the size of gene transfer

vectors, escaping the vasculature and intratumoral diffusion, could be limiting to

Fig. 9.10. Association of FITC-labeled NPIII

nanoplex formed in water with KB cells 3 h

after transfection in the absence or presence of

free folic acid. Each NPIII nanoparticle was

mixed with 2 mg of FITC-ODN at a charge ratio

(þ/�) of 1:1. Association was determined

based on FITC-fluorescence by flow cytometry.

Flow cytometry of cells exposed to the

nanoplex (continuous line). Dotted line, plus

1 mm folic acid (FA); Bold line, autofluorescence

of the cells. NPIII refers to the formulation in

Table 9.2, substituting OH-Chol for DC-Chol.

NPIII-F contains NPIII with 1 mol% folate-

PEG2000-DSPE.
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targeted delivery. To address this issue, formulation parameters can potentially be

optimized to improve the pharmacokinetic properties of the vectors. For example,

the vector can be PEGylated to reduce plasma protein binding and RES uptake, re-

sulting in an extended systemic circulation time [35]. In addition, the vector should

be kept under 300 nm since this is the approximate limit for efficient tumor extrav-

asation. Non-specific cell uptake by the RES (e.g., Kupffer cells in the liver) is ex-

pected to be reduced by incorporating PEGylated lipid within the lipid–DNA

complex.

When the NPII-F nanoplex was injected via a tail vein, DNA in the blood was

still detectable 4 h later by PCR [73]. Free DNA has an extremely short T1=2 in

blood (0.5–1 h), depending on the DNA dose [38, 74]. The NPII-F seemed to keep

the DNA stable in circulation by forming a nanoplex. NPII-F induced greater gene

expression in liver and kidney than NP (unpublished data). FR is on the brush bor-

ders of proximal renal tubes and provides for the reabsorption of folate. Recently,

Paulos et al. discovered that activated liver-derived macrophages (Kupffer cells) in

mice do express the FR [75]. Kupffer cells in the liver and the tubular cells in

kidneys of mice may be responsible for capturing NPII-F by FR. Therefore, FR-

targeted delivery of therapeutic genes damages normal cells in organs such as the

liver and kidney and may subsequently cause death [13]. For cancer gene therapy,

using a tumor-specific promoter to regulate expression transcriptionally in target

cancer cells has promise. It will be essential to use a strong and tissue-specific pro-

moter region if a therapeutic gene is to be selectively expressed in the cancer cells.

Intraperitoneal and intratumoral injections of lipoplex and nanoplex have been

applied in mice bearing tumors. Reddy et al. [21] have reported that maximum

in vivo transfection activity of reporter gene (luciferase) occurred with intraperito-

neally administered folate-liposome using a disseminated intraperitoneal L1210A

tumor model. When the NPII-F nanoplexes of the luciferase plasmid were injected

directly into the nasopharyngeal tumor, KB, xenografts, NPII-F showed about

100-fold more luciferase activity than Tfx20, suggesting that the NPII-F nanoplex

remained small enough to migrate into the tumorous tissue [64].

9.6

Application of Suicide Gene Therapy

Cancer gene therapy has become an increasingly important strategy for treating

various human diseases [1]. Currently, cancer gene therapy is being researched,

especially in the field of cancer treatment [76]. Suicide gene therapy is a strategy

whereby a gene is introduced into cancer cells, making them sensitive to a drug

that is normally non-toxic. The suicide genes used often encode enzymes that me-

tabolize non-toxic prodrugs into toxic metabolites. One of the most frequently used

suicide genes is the herpes simplex virus thymidine kinase (HSV-tk) gene [77],

which phosphorylates a prodrug, ganciclovir (GCV), into a toxic form (GCV tri-

phosphate, GCV-PPP). GCV, an acyclic analog of natural nucleoside 2 0-deoxygua-

nosine, is an antiviral agent used against human cytomegalovirus, herpes simplex
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virus type 1 and 2, varicella zoster virus and Epstein-Barr virus [78]. The effect ap-

pears when GCV is intracellularly phosphorylated and converted into the triphos-

phate derivative GCV triphosphate, which acts as a competitive inhibitor of deoxy-

guanosine triphosphate (Fig. 9.11) [77]. GCV monophosphate (GCV-P) production

appears to be catalyzed in the cells transfected with HSV-tk gene. Subsequent

formation of the diphosphate and triphosphate GCV derivatives (GCV-PP and -PPP)

is catalyzed by cellular guanylate kinase. GCV-PPP, due to its analogy with the

purinic nucleotide 2 0-deoxyguanosine triphosphate, becomes substrate for DNA

polymerase. Once bound to DNA polymerase, GCV-PPP is either incorporated

into DNA or inhibits the polymerase. Consequently, chain termination immediately

occurs after GCV incorporation into DNA, and leads to cell death [79].

A powerful characteristic of HSV-tk/GCV therapy is that the transduction of

a small fraction of tumor cells with the suicide gene can result in widespread

tumor-cell death (bystander effect) (Fig. 9.11). The cell to cell transfer of HSV-tk-

activated GCV between HSV-tk-transduced tumor cells and neighboring unmodi-

fied cells via gap junctions is a major mechanism of the bystander effect [80, 81].

Gap junctions are composed of connexin subunits and connect the cytoplasmic do-

Fig. 9.11. Schematic representation of the

HSV-tk/GCV system’s mode of action and the

bystander effect. In HSV-tk-transduced cells,

GCV is intracellularly phosphorylated and

converted into the triphosphate derivative

(GCV-PPP), which acts as a competitive

inhibitor of deoxyguanosine triphosphate. The

production of GCV monophosphate (GCV-P)

appears to be catalyzed by HSV-tk in the

transduced cells. Subsequent formation of the

diphosphate and triphosphate GCV derivatives

(GCV-PP and -PPP) is catalyzed by cellular

guanylate kinase. After incorporation of GCV-

PPP into DNA, the synthesis of DNA is

immediately inhibited in the cells and this

leads to cell death. Cell to cell transfer of HSV-

tk-activated GCV between HSV-tk-transduced

tumor cells and neighboring cells via gap

junctions is a major mechanism of the

widespread tumor-cell death (bystander effect).
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mains of contacting cells, allowing ionic and metabolic exchange between them

[82]. However, many cancer cell lines are deficient in gap junctions [83]. Such a

deficiency, which is also found in human tumors [84], can limit the extent of the

bystander effect in suicide gene therapy. The bystander effect has been reported to

be enhanced by introducing a connexin gene with the HSV-tk gene in vitro [81]. In
the normal human prostate, the cells communicate via gap junctions, whereas in

poorly differentiated prostate cancer the expression of connexin 43 (Cx43) de-

creased and gap junctional intracellular communication failed [83, 84]. Transfec-

tion of the Cx43 gene into a Cx43-deficient prostate cancer cells may enhance the

bystander effect, and also has been reported to inhibit cell growth, retard tumorige-

nicity and induce differentiation [85].

The use of a folate ligand as a targeting ligand to deliver DNA has not been suc-

cessful in in vivo gene therapy [20, 21]. In prostate cancer, suicide gene therapy by

local injection using adenoviral vectors has been reported as an alternative treat-

ment [86, 87]. The use of non-viral vectors is a novel approach. A NPII-F nanoplex

of HSV-tk was transiently transfected into KB, LNCaP and PC-3 cells. The first evi-

dence of transfection was that GCV-PPP, the most abundant triphosphate pro-

duced, was clearly detected in LNCaP cells transfected with the HSV-tk gene after

incubation with GCV by HPLC [73]. These findings were also made in KB and PC-

3 cancer cells [64]. Further evidence was that HSV-tk plasmid-transfected LNCaP

cells showed significantly greater sensitivity to GCV than the controls (IC50

9.4 mg mL�1) (Fig. 9.12A). Cx43 plasmid-transfected cells showed significantly

higher sensitivity to GCV (IC50 62.4 mg mL�1) than the controls. Cells co-transfected

with HSV-tk and Cx43 plasmids exhibited increased sensitivity to GCV (IC50

7.9 mg mL�1). This result suggests that HSV-tk and Cx43, individually, induced

a cytotoxic effect by GCV in the transfected cells, and that the combination of

HSV-tk plus Cx43 genes may display a bystander effect. HSV-tk plasmid-transfected

PC-3 cells showed significant sensitivity to GCV (IC50 6.6 mg mL�1) compared with

the controls, but Cx43 plasmid-transfected cells did not (Fig. 9.12B) [64]. Sensitivity

to GCV was not enhanced in cells transfected with HSV-tk plus Cx43 plasmids.

This result suggests that Cx43 plasmid did not display a bystander effect in PC-3

cells.

The in vivo anti-tumor effect of the NPII-F nanoplex with the HSV-tk gene has

been evaluated. First, we determined the anti-tumor effect by direct injection into

KB tumor xenografts with the NPII-F nanoplex of HSV-tk. When KB cells were

transiently transfected with the NPII-F nanoplex using various plasmids, HSV-tk,

Cx43 plasmid and combinations thereof, the HSV-tk-transfected cells showed sig-

nificant sensitivity to GCV compared with the control, but did not with cells co-

transfected with HSV-tk and Cx43 plasmids (unpublished data). Therefore, HSV-

tk plasmid was used as a therapeutic gene for KB xenograft. When the NPII-F

nanoplex of the HSV-tk plasmid was injected directly into the tumor, the growth

of KB nasopharyngeal tumors was inhibited significantly in mice treated with the

plasmid on day 13 (Fig. 9.13A). A comparison of tumor weight and appearance

after excision also demonstrated that the tumor growth was attenuated in mice

treated with the plasmid (Fig. 9.13B and C) [64].
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We then evaluated the anti-tumor effect by direct injection into LNCaP tumor

xenografts with the NPII-F nanoplex of HSV-tk plus Cx43 plasmid (Fig. 9.14), be-

cause this nanoplex was the most effective in in vitro experiments with LNCaP cells

(Fig. 9.12A). Tumor growth was suppressed in mice treated with the NPII-F nano-

plex of HSV-tk plus Cx43 plasmids, but not in the control mice. The mean survival

times of the control mice and the mice treated with the nanoplex of HSV-tk plus

Cx43 plasmids were 21.5 and 33 days, respectively [64]. The observed reduction in

tumor size may not be wholly due to the direct effect of the phosphorylated GCV

on the transduced tumor cells. An indirect mechanism (the bystander effect) might

be contributing to the antitumor activity. It is reported that a 1–5% in vivo trans-

fection efficiency could generate a significant anti-tumoral effect in suicide gene

therapy [88]. However, a deficiency of gap junctions is found in human prostate

tumors [83, 84], which may limit the extent of the bystander effect in suicide gene

therapy. Therefore, to examine the in vivo anti-tumor effects of direct injection into

LNCaP prostate xenografts, the nanoplex of HSV-tk plus Cx43 plasmids was used,

with the result that the tumor growth was suppressed [64] (Fig. 9.14).

Fig. 9.12. Sensitivity of LNCaP (A) and PC-3

(B) cells to GCV. Cells were transfected with

various plasmids using NPII-F. After 12 h

incubation, the culture medium was replaced

with one containing a concentration of GCV

ranging from 0.1 to 1000 mg mL�1. Plasmids

used were: control plasmid (e), HSV-tk (i),
Cx43 (m), and HSV-tk plus Cx43 plasmids (a).

The number of surviving cells was determined

with a WST-8 assay after 4 days exposure to

the GCV. Data points indicate the meanG S.D.

(n ¼ 3). *p < 0:05 and **p < 0:01, compared

with HSV-tk and Cx43 plasmids in (A).

**p < 0:01, compared with HSV-tk plasmid

in B [64].
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9.7

Conclusions

We have shown that folate-linked lipid-based nanoparticles can deliver DNA with

high transfection efficiency and selectivity, inhibiting tumor growth following in-

tratumoral injection into human nasopharyngeal and prostate cancer using an

HSV-tk/GCV therapy system. These findings indicate that folate-linked lipid-based

nanoparticles have potential as a clinically effective vector in cancer suicide gene

therapy. However, several factors have the potential to adversely affect FR-targeted

gene transfer in vivo. The size of gene transfer vectors, escaping the vasculature

and intratumoral diffusion, could be limiting to targeted delivery. They should be

Fig. 9.13. In vivo suicide gene therapy for KB

tumor xenografts with GCV in mice. Mice were

divided into two groups: group I, control

plasmid (10 mg); group II, HSV-tk plasmid

(10 mg). NPII-F nanoplexes of the plasmids

were injected directly into the tumor four times

(day 0, 2, 4, and 6). GCV (25 mg kg�1) was

administered i.p. at 24 and 36 h after the

injections. Tumor volume (A), excised tumor

weight (B) and macroscopic tumor appearance

(C) when all the mice in Fig. 9.13(A) were

sacrificed at day 14. The results are indicated

in (A) and (B) as the mean volume and

weightG S.E. or S.D., respectively (n ¼ 5).

*P < 0:05 and **P < 0:01, compared with

control [64].
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kept under 300 nm since this is the approximate limit for long circulation and effi-

cient tumor extravasation. In addition, PEGylated vectors can reduce plasma pro-

tein binding and RES uptake, resulting in an extended systemic circulation time.

Non-specific cell uptake by the RES (e.g., Kupffer cells in the liver) is expected to

be reduced by incorporating PEGylated lipid within the particle/DNA complex.

However, PEGylated particles may prevent enough DNA being carried into cells

by inhibition of association of plasmid DNA with particles. For gene therapy, a bal-

ance of long-circulating vectors and FR-targeting vectors will be key to using folate-

PEG-lipid. Further efforts aimed at optimizing FR-targeting vector formulations

from a systemic approach should lead to the clinical evaluation of these vectors

for cancer gene therapy.

List of Abbreviations

CHEMS Cholesteryl hemisuccinate

Chol Cholesterol

DC-Chol 3-[N-(N 0,N 0-dimethylaminoethane)carbamoyl]cholesterol

DOPE Dioleoylphosphatidylethanolamine

DPPE Dipalmitoyl phosphatidylethanolamine

DSPE Distearoyl phosphatidylethanolamine

FR Folate receptor

Fig. 9.14. Suicide gene therapy for LNCaP

tumor xenografts with GCV in mice. Mice were

divided into two groups: group I, control

plasmid (e); group II, HSV-tk plus Cx43

plasmids (a). NPII-F nanoplexes of the

plasmids indicated were injected directly into

the tumor four times (day 1, 3, 5, and 7). GCV

(25 mg kg�1) was administered i.p. at 24 and

36 h after the injections. The results are

indicated as the mean volumeG S.E. (n ¼ 6)

[64].
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GCV Ganciclovir

HSV-tk Herpes simplex virus thymidine kinase

OH-Chol Cholesteryl-3b-carboxyamidoethylene-N-hydroxylamine

ODN Oligodeoxynucleotide

PEG Poly(ethylene glycol)

PEI Polyethylenimine

PLL Poly-l-lysine

PEG-DSPE Poly(ethylene glycol)-distearoylphosphatidylethanolamine

PSMA Prostate specific membrane antigen

RES Reticuloendothelial systems

RFC Reduced folate carrier
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10

Magnetic Core Conducting Polymer Shell

Nanocomposites for DNA Attachment

and Hybridization

Jean-Paul Lellouche

10.1

Introduction

Micro- and nanosized magnetically responsive particles or particulates have be-

come an important class of micro-/nanomaterials that have found numerous

applications in electronics (data storage technology), catalysis, and biotechnology

[1–5]. Generally, these nanoparticulate materials display a range of magnetic, elec-

trical, optical, and chemical properties that clearly differ from that of their bulk

materials, thus making them very attractive for property-based applications. The

main applications of nanosized magnetic particles in biomedical research are

magnetism-driven separations of small biological components and cells; magnetic

detoxification of undesirable molecules and antigens; magnetic field-guided deliv-

ery of drugs (targeting) and genes; relaxation and contrast enhancement in non-

invasive magnetic resonance imaging (MRI) of tissues; piezoelectric immunosen-

sors; and magnetic fluid hyperthermia for cancer therapy [6–13].

To exploit the full potential of corresponding magnetic nanoparticles and related

nanocomposites, some key general issues need to be consistently addressed regard-

ing their synthesis and further subsequent use. Accordingly, controlling the shape,

size, and size distribution of nanoparticles toward spherical or non-spherical aniso-

tropic materials is one significant issue. In addition, magnetic nanoparticles need

to be stabilized sterically or by using charge repulsion against aggregation in both

organic and/or aqueous media. The versatility of chemical modifications that can

be introduced onto particle/composite surfaces is another key question that re-

quires careful investigation. Finally, for in vivo use of nanoparticles/related nano-

composites, their biocompatibility profiles and systemic toxicity properties need to

be examined in depth.

Related to this field, magnetically responsive core–shell iron oxide-conducting

polymer (CP) [14–21] nanosized composites form a relatively recent class of mag-

netic nanocomposites (NCs) [22, 23]. They display thin outer layers of insoluble

CPs, such as doped polypyrrole, that have been oxidatively deposited around nano-

sized magnetite/magnetite-silica cores. Armes and co-workers, in particular, have
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reported the fabrication of colloidal stable core–shell magnetite-silica-polypyrrole

NCs with diameters in the range 100–520 nm that are superparamagnetic [24,

25]. Both aqueous oxidants H2O2/Fe
3þ/HCl and (NH4)2S2O8 have been used to

chemically oxidize non-functional pyrrole around inorganic hybrid magnetite-silica

cores (5–20 nm diameter). Nanosized ferromagnetic Fe3O4-crosslinked polyaniline

NCs have recently been described by the Peng’s group using aniline (monomer)

and (NH4)2S2O8 (oxidant) [26]. Related conducting NCs were found polydispersed,

20–30 nm in diameter, and of a core–shell morphology. Consequently, both ma-

ghemite (g-Fe2O3) and magnetite (Fe3O4) nanoparticles should be considered as at-

tractive inorganic magnetic cores toward related magnetic CPs-based NCs. These

readily prepared iron oxide nanoparticles are prone to minimal oxidation, are of

low systemic toxicity, and present a high magnetic susceptibility, in the range of

76–81 and 90–98 emu g�1, respectively.

Notably, in this related framework, various non-magnetic organic and inorganic

cores have been engaged as micro-/nanosized supports to polymerize oxidatively

non-functional and functional CPs monomers in their presence. For example, to

develop color visual immunodiagnostic assays, core–shell micrometer-sized poly-

styrene latex-CPs [27–30] and colloidal nanosized silica-CPs [31–37] composites

have been produced by oxidative deposition of insoluble CPs around correspond-

ing cores. Tin(iv) oxide-polypyrrole colloidal NCs have been similarly fabricated by

the same group for solid-state conductivity studies [38]. The main CPs studied in-

clude polypyrrole, polyaniline, poly(3,4-ethylenedioxythiophene), poly(3-pyrrol-1-yl-

propionic acid), poly(3-(1H-pyrrol-3-yl)-propionic acid), poly(N-succinimidyl ester

of 3-pyrrol-1-yl-propionic acid), and related copolymers. Interestingly, the last

reported example [37] demonstrated that amine-sensitive N-succinimidyl ester of

pyrrolyl-3-acetic acid survived the aqueous acidic medium that developed during

monomer polymerization onto silica core nanoparticles. The resulting NCs were

able to covalently attach proteins without the need for any additional post-polymer-

ization activation step. Gold nanoparticles in a 5–200 nm diameter range have been

also used as templating metallic cores to polymerize pyrrole and N-methylpyrrole

monomers around them [39, 40]. Following core gold etching, hollow nanosized

polymeric polypyrrolic capsules were synthesized as useful vehicles for drug phys-

ical entrapment and targeted delivery.

This chapter describes our most recent progress in the field of magnetically re-

sponsive new core–shell iron oxide-CPs NCs. It consists of four main sections,

dealing with (a) the modular chemical design and synthesis of oxidizable dipyrrole-

(DPyr) and dicarbazole- (DCbz) containing monomers to introduce molecular di-

versity at the monomer level (Sections 10.2 and 10.3); (b) the fabrication of mag-

netic NCs (chemical polymerization around magnetite cores) and their thorough

characterization by means of modern spectral and analytical methods (Section

10.4); and (c) the investigation of covalent/quasi-covalent DNA attachments and

hybridizations at NCs surfaces (Section 10.5). Additionally, Section 10.6 contains

robust and reliable typical experimental procedures that relate to each separate

step.
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10.2

Chemical Design of DPyr- and DCbz-containing Monomers: Introduction of Molecular

Diversity

Based on the literature considerations cited above, the full potential of magnetically

responsive CPs-maghemite/magnetite nanocomposites (NCs) has still to be devel-

oped regarding novel (electro-)chemically oxidizable monomers that possess (a)

heterocycles different from nonfunctional pyrrole, as well as (b) appropriate func-

tionalities that can be appended by biological species after polymerizing over nano-

particles, e.g., grafting COOH functions that can be readily amidated using well-

known amide chemistry. Considering the above points, four generic chemical

structures (Fig. 10.1) of mono/dicarboxylate DPyr- and DCbz-containing mono-

mers 1–2a (index a specific for the DPyr-series) and 1–2b (index b specific for the

DCbz-series) readily emerged from the indicated planned innovative chemical de-

sign. These generic structures have been designed to be modular and clearly accen-

tuated the key roles played by l- or d-amino acid building blocks and appropriate

linkers of variable lengths, in order to introduce chirality and molecular diversity

[41–43] at the monomer level. C2-Symmetrization operations used have been in-

cluded based on generally high-yielding, stable amide connections between mono-

carboxylated or monoaminated Pyr- and Cbz-containing building blocks and diami-

nated or dicarboxylated linkers, respectively. More precisely, molecular diversity at

the monomer level should arise from (a) both types of heterocyclic DPyr- and

DCbz-units; (b) the existing number of COOH functions (one or two); (c) absolute

(S) or (R) chiralities of asymmetric centers (from l- or d-amino acid building

blocks); and, finally, (d) linkers of different chemical types and lengths.

Another notable aspect is that, in these bis-heterocyclic generic structures, both

pyrrole and carbazole heterocycles of suitable monomers would be simultaneously

engaged in polymer chain propagation at positions 2,5 and 5,5 0, respectively,

Fig. 10.1. Generic structures 1a/2a and 1b/2b of optically

active mono- and dicarboxylate DPyr- and DCbz-containing

oxidizable monomers.
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through CaC bond formation, leading to reticulated and more stable polymers. Lit-

erature data more particularly emphasized the lack of stability of polycarbazole

polymers in the carbazole series of oxidizable monomers. Accordingly, tentative

electrosyntheses of polycarbazole films from N-substituted monocarbazole mono-

mers resulted chiefly in short tetramers that are soluble in the electrochemical

medium [44, 45]. In contrast, our laboratory has overcame this limitation. Electro-

chemically stable poly(DCbz)-films containing amine-sensitive pentafluorophenol

esters have been formed using the electropolymerization of innovative DCbz-

monomers synthesized according to the bis-podant bis-heterocyclic design cited

above [46]. An example potential applications of these functional polyDCbz-films

is the successful covalent attachment of polyphenol and glucose oxidases onto

them as a step towards biosensor constructs [47–49].

10.3

Synthetic Approaches for Mono- and Dicarboxylated DPyr-/DCbz-based Monomers

According to synthetic approaches described below in Schemes 10.1–10.4, a

range of thirteen enantiomerically pure mono-/dicarboxylated DPyr- and DCbz-

monomers has been routinely prepared and used for the fabrication of targeted

polyDPyr- and polyDCbz-magnetite NCs. Several key synthetic steps deserve some

comments so as to best grasp the power and maneuverability of our planned chem-

ical design for monomers. First, the well-known Clauson-Kaas reaction, a one-step

acid-catalyzed transformation of an aromatic or alkyl NH2 function into a pyrrole

heterocycle unit using 2,5-dimethoxytetrahydrofuran (DMT, 4) (Scheme 10.1) [50],

has been modified to moderate reaction conditions (less acidic, salt buffered, sol-

vent diluted, lower temperatures/shorter reaction times) [46]. Similar preparation

of carbazole-based monomers generally required higher temperatures for a while

Scheme 10.1. Reagents and conditions: (a) 2,5-Dimethoxy-

tetrahydrofuran (DMT, 4), NaOAc, H2O, AcOH–1,2-dichloroethane,

1 h, 76 �C; (b) DMT (4), AcOH–dioxane, 3 h at reflux then

overnight at 20 �C.
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and longer reaction times. Thus, two separate sets of experimental conditions al-

lowed the synthesis of both DPyr- and DCbz-containing monocarboxylated mono-

mers 5a–b, as well as of intermediates 7a–b, and 14–17a–b from enantiomerically

pure l-lysine, l-aspartic, and l-glutamic acid derivatives. However, contrary to what

was usually observed under harsher conditions, racemization of existing asymmet-

ric centers was nonexistent (ee 97–99%, Schemes 10.1–10.4, steps a and b) [46].

A stability issue has been encountered during the preparation of aminated Pyr-

based intermediate 7a, which readily cyclizes intramolecularly to the correspond-

ing seven-membered lactam 8 (7a:8 ¼ 4:1 assayed by high-field 1H NMR for a

quasi-quantitative 91% recovery yield after separation from reaction mixture)

during chromatographic purifications on silica gel columns. This intramolecular

amidation did not, however, occur for the sterically more hindered Cbz-based pre-

cursor 7b, therefore allowing its corresponding C2-symmetrization, as described

later (Scheme 10.2).

Intermediates and monomer yields were consistently higher in the modified

Clauson-Kaas pyrrole synthesis than for the synthesis of carbazoles (70–80%

and 25–40%, respectively). In addition, C2-symmetrization operations toward bis-

heterocyclic oxidizable monomers have been operated straightforwardly, using

powerful amide connecting chemistries that do not racemize existing asym-

metric centers, e.g., the use of highly reactive diacid dichlorides and of a di-

cyclohexylcarbodiimide (DCC)/1-hydroxybenzotriazole (HOBt) system in the

Scheme 10.2. Reagents and conditions:

(a) and (b) same as Scheme 10.1; (c) cyclo-

hexene, MeOH, 10% Pd/C, reflux, 0.5 h; (d)

spontaneous cyclization during purification

on silica gel column, 7a:8a ¼ 4:1 by 1H NMR,

91% recovery; (e) (i) CHCl3aEt3N, terephthaloyl

or isophthaloyl chloride, 2 h, 20 �C, (ii) 1.0 m

KOH, 1/1 v/v MeOHaPhCH3, reflux, 4 h then

0.1 m HCl; (f ) (i) CH2Cl2aEt3N, adipoyl

chloride, 2 h, 20 �C, (ii) 1.0 m KOH, 1/1 v/v

MeOHaPhCH3, reflux, 4 h then 0.1 m HCl.
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presence of N-methylmorpholine (Schemes 10.2–10.4, Steps e–h). Appropriate

monoPyr-/monoCbz-intermediates 7a–b and 14–17 (n ¼ 1 or 2) prepared from

l-lysine(Z)-OMe 6 (Z: benzyloxycarbonyl) and monobenzyl esters of l-aspartic/

l-glutamic acids 12–13 (n ¼ 1 or 2) presented free NH2 and COOH groups for

C2-symmetrical amide coupling. Diacids as well as diamide linkers variable in

length and lipophilicity/hydrophilicity characteristics included aromatic tereph-

thaloyl/isophthaloyl and alkyl adipoyl chlorides, the alkyl 1,4-diaminobutane,

and, finally, the more hydrophilic polyoxyethylenyl 1,o-diamine 4,7,10-trioxa-1,13-

tridecanediamine.

Consequently, these synthetic efforts facilitated routine preparation of five DPyr-

and eight DCbz mono-/dicarboxylated homochiral based monomers in a 0.5–1.0 g

weight range. From commercially available l-amino acid derivatives, and apart

from monocarboxylated monomers (S)-5a/(S)-5b (Scheme 10.1, one synthetic step

from 3, 70 and 25–30% yields), only three to four synthetic steps were necessary to

obtain the entire range of dicarboxylated oxidizable monomers (S,S)-18–21a, (S,S)-
9–11b, and (S,S)-18–21b in global 53–58%, 12–14%, and 19–27% yields, respec-

tively (Schemes 10.1–10.4).

All these monomers have been fully characterized, their chemical structures

confirmed and their purities checked before fabrication of the corresponding NCs

by appropriate analytical means (thin-layer and high-performance liquid chroma-

tographies, optical rotations) and spectroscopic analyses (FT-IR, 1D/2D-high-field
1H/13C NMR, low- and high-resolution FAB-MS). Additionally, and only after com-

pletion of synthetic amidations by starting block C2-symmetrization, 1D high-field
1H/13C NMR techniques allowed us to again check that optical purities of resulting

Scheme 10.3. Reagents and conditions:

(a)–(f ): same as Schemes 10.1 and 10.2;

(g) (i) Dicyclohexylcarbodiimide (DCC),

1-hydroxybenzotriazole (HOBt), CH2Cl2,

N-methylmorpholine, 1,4-diaminobutane, 3 h,

20 �C, (ii) 1:4 v/v cyclohexene–2-propanol, 10%

Pd/carbon, 1.5 h, 20 �C; (h) same conditions

as for step g but using a different 1,o-diamine,

e.g., 4,7,10-trioxatridecane-1,13-diamine.

304 10 Magnetic Core Conducting Polymer Shell Nanocomposites for DNA Attachment and Hybridization



monomers were in a 97–98% range, based on the non-detection of meso diastereo-

isomers arising from asymmetric center racemization.

10.4

Oxidative Polymerization of DPyr-/DCbz-based Monomers around Magnetite

Nanoparticles

10.4.1

General Considerations

The availability of DPyr- and DCbz-based monomers allowed us to test various

oxidative polymerization conditions in the presence of nanosizedmagnetite particles

(Fig. 10.2) towards corresponding magnetic NCs. Numerous methods and related

modifications have been reported for the preparation of magnetite nanoparticles,

and, significantly, dealing with stabilization against aggregation of the particles

[1–4]. With this goal in mind, we modified slightly the original Sugimoto method,

and, accordingly, the oxidative hydrolysis of iron(ii) sulfate heptahydrate (Fe2SO4

7H2O) by KNO3 in an alkaline KOH medium under nitrogen [51, 52] (see opti-

mized protocols for NC fabrication in Section 10.6.1) that afforded magnetite

sheet-like nanoparticles (mean particle size of 20–40 nm by TEM analysis) as a

free-flowing, brilliant black water suspension that can be used immediately or

stored under nitrogen if necessary. FT-IR peaks characteristics of pure magnetite

(Fe3O4, n ¼ 410, 510 cm�1) confirmed its nature, and, in particular, the absence of

contaminating maghemite (g-Fe2O3) [51, 52].

Scheme 10.4. Same reagents and conditions as in Schemes 10.1 and 10.3.
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Regarding oxidative polymerization of DPyr-/DCbz-based monomers in the pres-

ence of nanosized magnetite particles toward corresponding magnetic NCs (Fig.

10.2), several experimental parameters were considered important and, subse-

quently, examined carefully during extensive screening, keeping in mind the best

practicality, reliability, and robustness of NC fabrication protocols. Polymerization

parameters examined included different (a) polymerization times; (b) mono-

or bi-electronic chemical oxidants; (c) molar/weight ratios of DPyr- and DCbz-

monomers/magnetite nanoparticles; (d) polymerization solvents (low-molecular

weight alcohols, acetone, acetonitrile, dimethylformamide, and their respective

mixtures with water, chloroform, hexane); (e) medium temperatures [25–55 �C

when using or not ultrasonic irradiation (ultrasonic cleaner Bransonic at full

42 kHz power)]; and finally (f ) magnetite concentrations (0.5–5% w/v range at

constant experiment volume).

Two main problems arose that were successfully solved during this selection pro-

cess, ending with the delivery of optimized protocols for NC fabrication [53]. First,

both DPyr- and DCbz-based oxidizable monomers must be minimally soluble in

water, since magnetite nanoparticles had an irreversible strong tendency to aggre-

gate in non-aqueous media. For example, the dicarboxylate DCbz-containing (S,S)-
18b (Scheme 10.4) could not be solubilized in any water-miscible organic solvent

mixture and, therefore, could not be polymerized around magnetite nanoparticles.

Due to the heterocycle type, DCbz-based monomers are consistently more hydro-

phobic, or less water-soluble than DPyr-related monomers. Therefore, two different

polymerization media have been specifically adapted for monomers of both DPyr-

and DCbz-type (water–methanol mixtures and acetone, respectively; see typical

procedures for NC fabrication in Section 10.6.1). Secondly, DCbz-based mono-

mers that were expected to polymerize with difficultly under usual chemi-

Fig. 10.2. Oxidative polymerization of DPyr-/DCbz-based

monomers in the presence of magnetite nanoparticles.
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cal oxidative conditions polymerized efficiently when using the only oxidizing

Ce(iv) salt CAN [(NH4)2Ce(NO3)6] among a range of currently tested oxidants

[FeCl3, Fe(NO3)3, Fe(ClO4)3, H2O2/FeCl3/0.1 m HCl, CuCl2, K2Cr2O7, K2S2O8,

(NH4)2S2O8, I2, PbO2, etc.] [53].

Conversely, DPyr-based monomers readily polymerize when using FeCl3 and

ammonium peroxodisulfate, (NH4)2S2O8, with the latter oxidant being preferred

since it affords much cleaner polyDPyr-magnetite NCs (absence of shorter, water-

bleachable, dark colored DPyr-oligomers). Interestingly, the resulting carboxylated

polyDPyr-/polyDCbz-magnetite nanocomposites did not always show colloidal sta-

bility for the entire range of parameter combinations and during storage (at 4 �C in

a neutral PBS phosphate buffer). In fact, preliminary TGA (Thermogravimetric

Analysis) analyses over 200–750 �C, together with FT-IR spectroscopic analyses,

helped to confirm successful monomer polymerizations. This large screening to-

wards optimized polymerization parameters rapidly disclosed two separate optimal

sets of polymerization conditions specific for each DPyr- and DCbz-series of mono-

mers in the presence of nanosized magnetite. Beyond the use of oxidizers specific

to each monomer series, the main protocol differences related to (a) optimal poly-

merization media, e.g., a 45/55 v/v H2OaCH3OH mixture for DPyr-based mono-

mers and pure CH3COCH3 for more hydrophobic DCbz-based ones, and (b) opti-

mal ultrasound-assisted polymerization times, e.g., 1 h for DPyr-based monomers

versus 5 h for DCbz-based ones. Typical preparations of magnetically responsive

polyDPyr- and polyDCbz-magnetite NCs are reported in Section 10.6.1.

10.4.2

Characterization of Magnetically Responsive PolyDPyr- and PolyDCbz-Magnetite

Nanocomposites

Magnetically responsive polyDPyr- and polyDCbz-magnetite NCs have been char-

acterized using a range of analytical and spectroscopic methods that included

FT-IR and 57Fe Mössbauer spectroscopies, C,H,N elemental and TGA analyses,

magnetism measurements, and low- and high-resolution TEM microscopies with

Energy-Dispersive X-Ray Microanalysis (EDAX). Additionally, as discussed in Sec-

tion 10.5, a DNA-based biological parallel screening system has also been devel-

oped to characterize the fabricated NCs. In fact, NCs have been systematically

tested for (a) DNA attachment using both covalent amide and noncovalent strepta-

vidin/biotin linkages, and (b) NC surface-confined DNA hybridizations using an

amplifying colored HRP-based enzymatic system (HRP: Horse Radish Peroxidase)

towards detection and quantification of optically read signal outputs.

In a first step, carboxylated polyDPyr-/polyDCbz-magnetite NCs have been char-

acterized by TGA analysis (TGA-Mettler apparatus, TG-50 DSS50 model, executed

temperature profile: 25–130 �C at 20 �C min�1, 130 �C for 15 min, and then 130–

800 �C at 15 �C min�1 under nitrogen) and high-resolution FT-IR spectroscopy

(Bomen-Hartmann & Braun instrument, KBr pellets, 4 cm�1 resolution) to check

the formation of polyDPyr-/polyDCbz-polymers in the presence of nanosized

magnetite nanoparticles. TGA curves showed quite similar two-step profiles, which
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were more or less pronounced depending on NCs over a 200–750 �C temperature

range (Fig. 10.3 and Table 10.1). Observed weight losses match up, most likely, to

the evaporation of shorter, more volatile polymeric chains followed by final poly-

mer burning. Interestingly, C,H,N elemental analyses (EA 1110/CHNS-O CE in-

strument) data, corrected for oxygen (Table 10.1), matched with TGA NC composi-

tion data and, therefore, allowed us to check for data homogeneity. Both DPyr- and

DCbz-based monomers afforded NCs of similar polymer compositions with poly-

mer deposits in a w/w range of 18–30% and 20–32%, respectively. FT-IR spectra

Fig. 10.3. TGA curves of magnetically responsive polyDPyr-/polyDCbz-magnetite NCs.

Tab. 10.1. NC compositions from gravimetric measurements (TGA graphs) and from C, H, N

elemental analyses.

Elemental analysis [a]

(%)Nanocomposite

poly(monomer)-magnetite
C H N

NC Composition

(% w/w)[a]
TGA weight

loss (% w/w)

5a 18.63 2.01 3.20 27 28

18a 15.40 1.71 3.50 25 27

19a 19.37 1.76 2.91 28 30

20a 11.39 1.39 2.11 19 19

21a 13.33 1.65 2.35 22 18

5b 19.52 1.40 2.01 25 24

9b 20.87 1.78 2.41 32 31

10b 21.18 1.67 2.32 30 29

11b 14.11 1.62 1.67 20 23

19b 19.34 1.65 2.48 27 30

21b 13.96 1.39 1.38 20 21

aValues corrected for oxygen content.
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of NCs showed quite similar absorption peaks. They included mixed absorption

peaks characteristic of both freshly prepared non-oxidized magnetite (n ¼ 1083–

1099, 1017–1024, and 568–585 cm�1) and of polyDPyr- and polyDCbz-polymeric

systems [n ¼ 2850–2922 and 2958–2964 (dCsp3-H), 1650–1750 (nCbO, carboxyl),

1454–1558 (nCsp2-Csp2, polypyrrole and polycarbazole aromatics), 1258–1264

(nðCbOÞ-O, acid), 800–808 (dCsp2-H, out of plane stretching) cm�1].

Bulk magnetization versus applied magnetic field experiments (Oxford VSM sys-

tem Magnetometer equipped with an Aerosonic VSM 3001 controller) have been

conducted at 300 K on all magnetically responsive, carefully dried NCs. Saturation

magnetizations Ms have been observed in a range of 32–55 emu g�1, with coerciv-

ity factors Hc of 35–132 Oe (Fig. 10.4 and Table 10.2). Subsequently, these mate-

rials cannot be strictly considered as superparamagnetic materials since they pre-

sented a low- to medium-range hysteresis. This resulted most likely from the

partial oxidation of the former magnetite Fe3O4 core during the oxidative pro-

cesses used for monomer polymerizations. In fact, inorganic magnetic cores were

formed of nonstoichiometric magnetite, Fe3axO4 (0a xa 0:33), or of g-Fe2O3

(maghemite)–magnetite mixtures as determined by 57Fe Mössbauer analysis at

300 K (two superposed magnetic subspectra compatible with Fe3þ and Fe2:5þ

atoms located in tetrahedral and octahedral sites, respectively, with different

relative intensities were obtained). For example, polyDCbz(9b)- and poly-

DCbz(10b)-magnetite NCs were analyzed and found to contain 30% and 60%

maghemite, respectively.

Interestingly, DCbz-containing monomers, which were more difficult to poly-

merize oxidatively around magnetite particles, mainly afforded NCs of lower Ms

and higher Hc than similarly prepared polyDPyr-based NCs (Table 10.2). These

data are likely to be related to higher contents of less magnetic maghemite/non-

stoichiometric magnetite (Fe3axO4) within corresponding NCs, while magnetic

spin blocking effects could arise from formation of oxidized magnetite/polymer in-

terfacial domains.

In a second series of analyses, all these NCs were systematically examined by

low- and high-resolution transmission electron microscopies TEM (JEOL-1200EX)

and HR-TEM (JEOL-JEM 2010 of Oxford Instruments, 200 kV accelerating voltage,

Gatan CCD video camera for microphotograph digitization). Even using ultrasonic

irradiation, NC fabrication processes were not found to alter the sheet-like mor-

phology of starting magnetite nanoparticles nor the average particle size (20–

40 nm). More interestingly, mixed structures of the discrete polyDPyr-/polyDCbz-

particulates–magnetite nanoparticle type could not be detected, clearly emphasiz-

ing polymerization processes, during which deposition of insoluble polymer

chains occurred around magnetite nanoparticles. These observations are consistent

with the relatively low quantities of polymers deposited onto magnetite nanopar-

ticles independent of starting DPyr-/DCbz-monomers (@18–32% w/w).

Since polymer–magnetite NC morphology remained a central issue, unambigu-

ous confirmation of the core–shell nature for all the fabricated NCs came from

HR-TEM analysis combined with EDAX. For illustration, HR-TEM microphoto-

graphs of poly(5a)-, poly(10b)- and poly(21a)-magnetite NCs belonging to both poly-
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DPyr- and polyDCbz-series of NCs have been reported that showed clearly amor-

phous 5.0–7.5 nm thick polyDPyr-/polyDCbz-deposits decorating highly ordered

magnetite/maghemite crystals (Fig. 10.5, samples prepared on 400 mesh Au grids

free of carbon-containing pollutants). Corresponding elemental compositions have

been determined by EDAX microanalysis using an Oxford Instruments X-ray de-

tector and INCA software with electron beams focused at both 15 and 30 nm diam-

eters, depending on the samples. All chemical elements have been analyzed, nor-

Fig. 10.4. Magnetism measurements/graphs for

polyDCbz(5b)- and polyDCbz(9b)-magnetite NCs.
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malized, and their results obtained in weight percentages. Examples of such EDAX

microanalyses are shown for poly(5a)- and poly(21a)-magnetite NCs in Fig. 10.5,

wherein crystal edges have been found to be systematically carbon-rich and iron-

poor, while crystal centers appear to be carbon-poor and iron-rich, arguing for the

presence of organic polymer deposits around magnetite nanoparticles [poly(5a)-

magnetite NC, spectrum 1: 55.2 and 18.0% for C and Fe versus spectrum 2: 1.9

and 63.4%; poly(21a)-magnetite NC: spectrum 9: 39.6 and 44.1% for C and Fe

versus spectrum 6: 1.7 and 48.8%].

10.5

Development of a DNA-based Biological System for Nanocomposite Parallel

Screening

Among the critical steps identified for screening the properties and optimization

of fabricated polyDPyr-/polyDCbz-magnetite NCs, realization of a reliable highly-

parallel (use of 96-well microtiter plates), low cost, less laborious and robust biolog-

ical screening system were quite essential. Accordingly, a natural choice was to

turn to a DNA-based hybridization system, supported on these novel nanosized

magnetic NCs, because of the extreme relevance of DNA-based diagnostics using

magnetically responsive nanomaterials [54, 55]. Although numerous examples of

DNA hybridizations onto various non-planar solid phases have been reported,

they are mainly concerned with micrometer-sized beads that generally did not suf-

fer from critical aggregation and non-specific binding (NSB) issues often encoun-

tered with nanosized materials [56, 57].

During our studies involving polyDpyr-/polyDCbz-magnetite NCs, two different

modes of DNA probe attachments were tested – covalent (via amide bonds) and

Tab. 10.2. Saturation magnetizations Ms and coercivities Hc of polyDPyr-/polyDCbz-magnetite

NCs.

Nanocomposite

poly(monomer)-magnetite

Saturation magnetization

Ms (emu gC1)

Coercivity

Hc (Oe)

5a 50 55

18a 52 55

19a 55 55

20a 50 40

21a 55 50

5b 35 132

9b 52 35

10b 51 55

11b 35 130

19b 32 130

21b 35 130
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quasi-covalent (via streptavidin–biotin interactions [58–60]). These brought out the

great versatility of the chemistry of surface COOH groups of NCs set up by poly-

carboxylated polyDPyr-/polyDCbz-deposits. After simple chemical activation of

COOH groups by water-soluble carbodiimides [61–63], the addition of an NH2-
5 0
-

modified DNA sequence as a model molecular DNA probe resulted in covalent at-

tachment of DNA through stable amide bonds. Alternatively, second-generation

streptavidin-modified magnetic NCs could be fabricated using a similar activation

protocol of polymeric COOH groups followed by incubation with streptavidin. Co-

valent attachment of streptavidin occurs via amidation of e-NH2 groups of surface

lysines of the protein. Then, the same, albeit biotin-5
0
-modified, DNA sequence

will be quasi-covalently (via streptavidin–biotin interactions) attached to modified

NCs upon incubation, resulting in the testing and comparison of DNA-decorated

Fig. 10.5. High-resolution TEM microphotographs of selected

polyDPyr-/polyDCbz-magnetite NCs.
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NCs using both probe attachment methodologies. The streptavidin/avidin-biotin

system has many advantages [58–60]. Noncovalent streptavidin–biotin supramo-

lecular interactions are very strong (Kd @ 10�15
m) and, furthermore, the system

is more biocompatible, and is therefore less denaturing for DNA/protein molecular

probe attachments. Additionally, its great versatility makes it particularly attractive

for a wide range of biological and non-biological probes (sugars, peptides, proteins/

antibodies, DNA/RNA sequences, and catalysts, small ligands, fluorescent dyes,

quantum dots and nanoparticles/clusters).

10.5.1

Covalent Attachment of an NH2-
5O-modified 20-mer DNA Probe onto NCs towards

DNA-Biofunctionalized NCs. Covalent Amide Bond Chemistry and Resulting

NC-Supported DNA Hybridizations

The simple but powerful DNA-based test described in Fig. 10.6 constitutes the

basic biological screening system used to investigate the properties of fabricated

polyDPyr-/polyDCbz-magnetite NCs in parallel mode [53]. Whether the covalent

(amide bond chemistry) or quasi-covalent (streptavidin–biotin system) DNA probe

attachments were used in NC functionalization, DNA hybridizations on NC sur-

faces were characterized and quantified using a blue color-emitting, HRP-based

enzymatic amplifying system (HRP: Horse Radish Peroxidase). Resulting hybrid-

ization signal outputs were processed in parallel, using 96-well plastic microtiter

plates optically read in an Elisa Plate Reader Anthos ht II at 620 nm.

Practically, the amine-modified 20-mer oligonucleotide DNA1 H2N-(CH2)12-
5 0
GCACTGGGAGCATTGAGGCT that characterized the 20210 mutation in the

Human Factor II gene (G ! A single oligonucleotide mutation at position 20210)

[64, 65] was chosen as a model DNA probe and, through incubation, has been co-

valently attached to a full range of fabricated NCs after carboxylate activation in

Fig. 10.6. DNA covalent attachment onto polyDPyr-/polyDCbz-magnetite NCs and hybridization.
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a 0.4 m MES buffer (pH 5.0) by the water-soluble carbodiimide EDC [63] [EDC:

N 0-(3-dimethylamino-propyl)-N-ethylcarbodiimide hydrochloride, 0.4mMES buffer,

2 h incubation at 20 �C]. NC-supported DNA hybridizations have been per-

formed with the fluoresceine-labeled anti-sense 20-mer oligonucleotide FITC-DNA2

(fluoresceine-5
0
AGCCTCAATGCTCCCAGTGC, 60 min, 60 �C). After addition of

an anti-FITC HRP-labeled mouse monoclonal antibody and incubation (20 min,

20 �C), the HRP substrate TMB (3,3 0,5,5 0-tetramethylbenzidine) was added and

reacted with the NC-immobilized amplifying enzymatic construct for 1.5 min at

the same temperature before visible signal reading at 620 nm (Elisa Plate Reader

Anthos ht II). Accordingly, the resulting optical reading data (ODTotal) allowed the

characterization of all the tested DNA-functionalized NCs. These were systemati-

cally averaged for six to ten similar parallel experiments for each separate NC, pro-

viding minimal signal output variations in a 5–8% range.

Additionally, and for better characterization of DNA-decorated NCs, Non-specific

binding (NSB) data were systematically collected during similar averaged parallel

experiments, where the complementary FITC-labeled DNA2 probe was omitted.

NSB data allowed us to estimate the affinity of tested DNA-decorated polyDPyr-/

polyDCbz-magnetite NCs to physically adsorb the reporter anti-FITC HRP-labeled

antibody. Furthermore, micrometer-sized COOH-Dynabeads2 M-270 (q 2.8 mm,

Dynal AS, Oslo, Norway) [66] that are routinely used for magnetism-driven sus-

pension assays were also included in those experiments as an internal standard

for comparison.

In a first series of experiments for screening of NC-supported DNA hybridiza-

tions, the concentrations of FITC-5 0 labeled complementary probe FITC-DNA2

and tested NCs were 10�7
m and at 50 mg (1.0% w/v), respectively, per microtiter

plate well (Fig. 10.7). From patterns of optical signal outputs (ODTotal) and specific

binding (SB ¼ ODTotal � NSB)/NSB ratios, the three polyDCbz-magnetite NCs,

e.g., polyDCbz(9b)-, polyDCbz(10b)-, and polyDCbz(19b)-magnetite NCs, were as

efficient as the COOH-Dynabeads tested under similar conditions. Calculated SB/

NSB averaged ratios of 19.0–22.8 were in a high range. In contrast, polyDPyr-

magnetite NCs were less efficient than standard COOH-Dynabeads with SB/NSB

data in a low to medium (4.2–16.3) range. Here, polyDPyr(19a) was the most effi-

cient NC in the polyDPyr-based series of NCs (SB/NSB ¼ 16.3 vs. 22.2 for COOH-

Dynabeads).

Interestingly, both couples of NCs polyDPyr(19a)/polyDCbz(19b)- and poly-

DPyr(21a)/polyDCbz(21b)-magnetite fabricated from DPyr-/DCbz-monomers 19/

21a–b, possessing an hydrophobic 1,4-diaminobutane and an hydrophilic 4,7,10-

trioxa-1,13-tridecaneamine linker, were related. Among the tested NCs, they

exhibited the higher and the lower efficiencies, respectively. Confirming this spe-

cific trend, the polyDPyr(20a)-magnetite NC built on the same hydrophilic 4,7,10-

trioxa-1,13-tridecaneamine linker showed the lowest efficiency of all the tested NCs

(SB/NSB ¼ 4.2). Additionally, both polyDPyr(5a)- and polyDCbz(5b)-magnetite

NCs arising from the same monocarboxylated l-lysine-based precursor exhibited

similar efficiencies (13.2 and 15.4, respectively).

Subsequently, while keeping other assay parameters constant (see the typical
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procedure reported below), a second larger parallel screening of NC properties was

performed to find a minimum assay sensitivity limit to detect the model analyte

FITC-labeled DNA2 (Fig. 10.8). For this purpose, a concentration range of 10�7–

10�14
m of FITC-labeled DNA2 was investigated. In this concentration range, NSB

averaged data were uniformly observed in a low 0.05–0.09 range for all tested NCs,

except for the polyDPyr(20a)-magnetite NC fabricated from the hydrophilic 4,7,10-

trioxa-1,13-tridecanediamine (averaged NSB ¼ 0:11). The previously observed

trend of being the least efficient system for the SB/NSB ratio was consistent and

reproducible for all tested concentrations of FITC-labeled DNA2. These data pre-

cluded its further use as a sensitive detection of this model analyte. In contrast,

three polyDPyr- and three polyDCbz-magnetite NCs were disclosed as the most

sensitive NCs, able to achieve reproducible SB/NSB ratios in the range 1.6–2.7, at

very low 10�12–10�14
m concentrations of FITC-labeled DNA2. These NCs were

polyDPyr(5a)-, polyDPyr(18a)-, and polyDPyr(19a)-magnetite in the polyDPyr-series

and, in the polyDCbz-series, were polyDCbz(5b)-, polyDCbz(9b)-, and poly-

DCbz(10b)-magnetite. COOH-Dynabeads, tested in parallel under identical con-

centration range and conditions, were quite inefficient. This emphasized the

potential of these novel nanosized magnetic NCs for highly sensitive DNA detec-

Fig. 10.7. Screening of polyDPyr-/polyDCbz-magnetite NCs at

a 10�7
m DNA2 concentration and related specific binding/

non-specific binding (SB/NSB) ratios.
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tion. Interestingly, and among all tested polyDPyr-/polyDCbz-NCs, the unique

polyDPyr(19a)-magnetite NC was the most sensitive (SB/NSB ¼ 2:7 at 10�14
m),

while both polyDCbz(5b)- and polyDCbz-(10b)-magnetite NCs were just an order

less sensitive for similar SB/NSB ratios (SB/NSB ¼ 2:0 and 1.6, respectively, at

10�13
m).

Importantly, these low-range detection levels were consistently achieved without

employing any additional passivating step (Egg albumin, BSA, PEG1000 or Triton X

surfactants, dextran) commonly used in the diagnostic field.

Concentrating on both typical polyDPyr(5a)- and polyDCbz(5b)-magnetite NCs,

sensitivity issues were further examined by investigating the influence of two addi-

tional parameters, i.e. minimal amounts of (a) capture NH2-modified DNA1 probe

covalently attached onto NCs and (b) NCs used per microtiter plate well to afford

reliably quantifiable optical outputs with SB/NSB ratios in a 1.0–1.5 range (Fig.

10.9). First, concentrations of the capture NH2-
5 0
-modified DNA1 probe for the co-

valent functionalization of both NCs were varied in a 10�5–10�16
m range. Other

Fig. 10.8. Sensitivity patterns of PolyDPyr-/polyDCbz-

magnetite NCs at decreasing FITC-labeled DNA2

concentrations.
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protocol parameters were identical to values used in the typical experimental proto-

col described in Section 10.6.2. For comparison, a DNA1 concentration of 10�7
m

for probe attachment onto NCs was used (standardized experimental protocol).

Second, variable NC amounts per microtiter plate well were investigated in a 10–

10�2% w/v range (500.0–0.5 mg) when the same standardized experimental proto-

col made use of a 1% w/v NC concentration, e.g., use of 50.0 mg of NC per well.

The resulting data (Fig. 10.9) led to some interesting conclusions.

A rather wide range of concentrations in NH2-
5 0
-modified DNA1 probe, from

10�9 to the very low 10�16
m, afforded reliable SB/NSB ratios in a 0.9–4.0 range,

depending on NCs and DNA1 concentrations. In contrast, standard COOH-

Dynabeads treated under similar conditions were totally unresponsive. Both poly-

DPyr(5a)- and polyDCbz(5b)-magnetite NCs were effective even at the lowest tested

DNA1 concentration (10�16
m, SB/NSB ¼ 0:9 and 1.4, respectively). Regarding

usable NC concentration per microtiter plate well, only limited decreases in signal

outputs were registered when using NC amounts per well as low as 5.0 [0.1%

w/v; polyDPyr(5a)- and polyDCbz(5b)-magnetite NCs: SB/NSB ¼ 14:0 and 18.6, re-

spectively] and 0.5 mg [0.01% w/v; polyDPyr(5a)- and polyDCbz(5b)-magnetite

NCs: SB/NSB ¼ 13:6 and 14.4, respectively]. In parallel, COOH-Dynabeads af-

Fig. 10.9. Sensitivities of polyDPyr(5a)- and polyDCbz(5b)-
magnetite NCs for decreasing DNA1 and NC concentrations

(the value 1% w/v corresponds to 50 mg of NC per microtiter

plate well).

10.5 Development of a DNA-based Biological System for Nanocomposite Parallel Screening 317



forded lower or background-level SB/NSB ratios for both NC concentrations (0.1%

w/v: SB/NSB ¼ 13.0; 0.01% w/v: SB/NSB ¼ 0:8).

10.5.2

Attachment of a Biotin-5O-modified 20-mer DNA Probe to DNA-biofunctionalized NCs.

Quasi-covalent Linkage Using the Streptavidin–Biotin System and the Resulting

NC-supported DNA Hybridizations

A second methodology for DNA probe attachment onto polyDPyr(5a)-/poly-

DCbz(5b)-magnetite NCs has been investigated that exploited the strong quasi-

covalent streptavidin–biotin interactions. In the first step, two previously fab-

ricated magnetic polycarboxylated polyDPyr(5a)-/polyDCbz(5b)-magnetite NCs

were chemically activated at room temperature by the same water-soluble carbodii-

mide EDC (COOH activation) in a mixture of neutral PBS and 0.4 m MES (pH 5.0)

buffers. This activation step is immediately followed by covalent grafting of a

high purity commercial recombinant streptavidin (Roche Inc.), leading to second-

generation streptavidin-modified polyDPyr(5a)-/polyDCbz(5b)-magnetite NCs. As

usually performed, excess chemical reagents and biological components/buffers

were readily eliminated or exchanged by magnetic decantation and appropriate

washings before DNA hybridizations (see the typical experimental procedure given

below).

In the second step, streptavidin-modified NC-supported DNA hybridizations

were similarly tracked using the blue-emitting HRP-based enzymatic amplifying

system mentioned previously (Fig. 10.6), providing the use of a biotinylated DNA1

capture probe biotin–(triethylene glycol) linker-5
0
DNA1. Notably, in this particular

case, NSB data were attributed to the noncovalent binding affinity of streptavidin-

modified NCs (e.g., of protein-decorated, instead of polycarboxylated DNA-

decorated, NCs) to physically adsorb the reporter anti-FITC HRP-labeled antibody.

Interestingly, efficiency comparisons of both covalent (amide chemistry) and

quasi-covalent (streptavidin–biotin system) modes of DNA1 probe attachment

showed a particularly strong dependency on NC concentration (NC weight/Elisa

plate well) (Fig. 10.10). For example, at a 1% NC concentration (50.0 mg of NC/Elisa

plate well), SB/NSB ratios for streptavidin-modified NCs were in a low to medium

range (5.3–10.1), with the streptavidin-modified polyDCbz(5b)-magnetite NC being

the most efficient system (SB/NSB ¼ 10:1). Streptavidin-modified micrometer-

sized Dynabeads, prepared in the same way, were as efficient, with a SB/NSB

ratio of 11.0. Though, while in covalent NH2-
5 0
-linked DNA1 probe attachment

mode, both polyDPyr(5a)-/polyDCbz(5b)-magnetite NCs always exhibited a greater

efficiency (SB/NSB ¼ 13:2 and 15.4 respectively), they were not comparable to

micrometer-sized DNA1-decorated Dynabeads, which performed better as the

most efficient support (SB/NSB ¼ 22:2).

Conversely, lowering NC concentration to 0.25% w/v (12.5 mg of NC/Elisa plate

well) strongly diminished the previous, detrimentally high NSB, resulting in

marked differences. Whatever the covalent or streptavidin/biotin modes of DNA1

probe attachment, the polyDPyr(5a)-/polyDCbz(5b)-magnetite NCs systematically

afforded more efficient responses than that of carboxylated Dynal microbeads
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(SB/NSB ¼ 10.6–13.3 vs. 5.0–8.0, respectively). Interestingly for this low NC

concentration, both streptavidin-modified polyDPyr(5a)-/polyDCbz(5b)-magnetite

NCs displayed better efficiencies than did carboxylated covalently modified ones

(SB/NSB ¼ 11.0 and 13.3 vs. 10.6 and 11.5, respectively). These preliminary

data featured the important disclosure that optimized conditions dealing with

polyDPyr-/polyDCbz-magnetite NCs should be investigated when testing both

Fig. 10.10. Covalent (amide chemistry) and quasi-covalent

(streptavidin–biotin system) attachment modes of both

NH2- and biotin-5
0
-modified DNA1 probes onto polyDPyr(5a)-

and polyDCbz(5b)-magnetite NCs.
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types of covalent (amide chemistry) and noncovalent (streptavidin–biotin system)

DNA probe attachments.

10.5.3

Storage: Medium-term Stability of Some PolyDPyr-/PolyDCbz-Magnetite NCs

The colloidal stability of some of these novel polyDPyr-/polyDCbz-magnetite

NCs was also examined during storage in a neutral PBS buffer (1% w/v NC

concentration) at 4 �C. For this investigation, three freshly prepared polyDPyr-

and polyDCbz-magnetite NCs, polyDPyr(5a)-, polyDPyr(19a)-, polyDPyr(21a)-, and

polyDCbz-(5b)-, polyDCbz(10b)-, and polyDCbz(19b)-magnetite NCs, and COOH-

Dynabeads for reference were stored in the above-described neutral PBS buffer.

Regular controls (quadruplicate parallel experiments) were performed on aliquots

from these stored NCs on a fifteen day-basis over a period of seven and a half

months, using our powerful DNA-based biological screening test. This test was op-

erated using standard conditions of concentrations for DNA1, the complementary

FITC-labeled DNA2 and NC components (typical experimental procedure given in

Section 10.6.2), for which NSB data were always in a low 0.04–0.05 range.

Importantly, during this period the HRP-based amplifying enzymatic system re-

vealed a slow but regular time-dependent decrease in detection efficiency, probably

because of component ageing. This ageing phenomenon, most likely, is due to the

natural thermodynamic instabilities of both the HRP-labeled anti-FITC antibody

(antibody and HRP components), and of the FITC label/epitope of the comple-

mentary FITC-labeled DNA2 (light-induced degradation). Consequently, NC stabil-

ity data were calculated and presented graphically as ratios of SB data of NCs/SB

data of reference COOH-Dynabeads2 M-270 treated in a similar time-dependent

manner. Figure 10.11 depicts the resulting characteristic time-dependent ratio

evolutions for each separate NC. More specifically, the three NCs polyDPyr(5a)-,

polyDPyr(19a)- and polyDCbz(10b)-magnetite NCs underwent quite noticeable

decreases in efficiency (11, 11, and 27%, respectively), most likely due to slow

time-dependent NC aggregation. In contrast, the other three NCs belonging to

both polyDPyr- and polyDCbz-series displayed reasonable time-dependent stabil-

ities for the examined period and for these specific storage conditions.

10.6

Typical Experimental Procedures for NC Fabrication and NC-Supported DNA

Hybridizations

10.6.1

Typical Optimized Procedures for NC Fabrication Including Magnetite Preparation

10.6.1.1 Magnetite Preparation Using the Oxidative Hydrolysis of Iron(II) Sulfate

in an Alkaline KOH Medium [51, 52]

A solution of iron(ii) sulfate heptahydrate (FeSO4, 7H2O) (17.71 g, 60.0 mmol) in

high-purity nitrogen-deoxygenated water (200 mL) was heated at 90 �C in a 1 L
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round-bottomed flask while stirring with an overhead stirrer. In parallel, deoxygen-

ated aqueous solutions of KNO3 (10.11 g, 100.0 mmol, 100 mL of H2O) and of

KOH (13.81 g, 250.0 mmol, 50 mL of H2O) were prepared and then mixed under

nitrogen until complete dissolution of the salts. The resulting basic salt mixture

was then slowly added to the FeSO4 solution at 90 �C under a constant flow of

nitrogen. The oxidative hydrolysis lasted 2 h at 90 �C, affording a brilliant black

precipitate of magnetite nanoparticles. After cooling to room temperature (1 h),

the black Fe3O4 nanoparticle suspension was washed twice with H2O (2� 2 L),

with 1 m HNO3 (2 L), and twice again with H2O (2� 2 L). These washings were

repeated if necessary until a visually clear and neutral supernatant aqueous phase

was obtained. The suspension volume of precipitated magnetite nanoparticles was

adjusted to 1 L with deoxygenated H2O and kept in a polyethylene storage bottle at

4 �C (stock suspension of magnetite nanoparticles). Preferably, magnetite nanopar-

ticles should be used immediately for polyPyr-/polyCbz-magnetite NC fabrication

[final storage concentration of Fe3O4 nanoparticles: 46 mg (mL of suspension)�1].

10.6.1.2 PolyDPyr-Magnetite Nanocomposites

Freshly prepared magnetite nanoparticles (100.0 mg, 2.3 mL of a 3.5% w/v water

suspension of magnetite nanoparticles as prepared above) were added with the

mono- or dicarboxylated DPyr-monomer (S)-5a or (S,S)-18–21a dissolved in

MeOH (0.41 mmol, 3.0 mL of MeOH) and sonicated for 1 min (ultrasonic cleaner

Bransonic at full 42 kHz power). Thereafter, the oxidizer (ammonium peroxodisul-

fate, (NH4)2S2O8, 98% purity from Riedel-de-Haën, 436.0 mg, 2.05 mmol, 5.0

equiv.) was added in one portion to the sonicated methanolic suspension of mag-

netite. The resultant fine black suspension (magnetite concentration of 2.0% at

constant experiment volume) was then ultrasonicated for 1 h, during which time

the medium temperature increased to 55 �C (ultrasound-mediated constant stir-

ring). The resulting brown-black polyDPyr-magnetite NC was magnetically de-

canted with the help of a powerful external magnet. It was serially washed by

4� 10 mL of each of the indicated deoxygenated solvents/buffers, CH3COCH3,

0.4 m MES buffer (pH 5.0), neutral PBS buffer, TNET buffer (pH 7.5), and, fi-

nally, again with neutral PBS buffer to eliminate soluble by-products (inorganic

salts, excess oxidants, unreacted monomers, and short, colored monomer-related

oligomers). (The preparation of these particular buffers is described in a corre-

sponding typical experimental procedure given in Section 10.6.2.). Colorless super-

natants must be obtained at each last separate washing. The resulting magnetically

responsive carboxylated polyDPyr-magnetite NCs were suspended in a deoxy-

genated neutral PBS buffer at a 1% w/v concentration and stored at 4 �C. These

colloidal suspensions were stable for at least 2–3 months under these storage

conditions.

10.6.1.3 PolyDCbz-Magnetite Nanocomposites [53]

The protocol cited above was modified slightly to take into account the fact that

mono- or dicarboxylated DCbz-containing monomers are much more hydrophobic
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than DPyr-based ones. Magnetite nanoparticles (same quantity as above) were first

magnetically decanted, washed with CH3COCH3 (3� 2:0 mL), and immediately

added with the DCbz-based monomer (S)-5b, (S,S)-9–11b, or (S,S)-18–21b solubi-

lized in CH3COCH3 (0.22 mmol, 2.0 mL of CH3COCH3, magnetite concentration

of 2.5% at constant experiment volume). After medium sonication for 1 min for

best mixing, the ammonium cerium(iv) nitrate oxidizer [CAN: (NH4)2Ce(NO3)6]

dissolved in CH3COCH3 (CAN, 99% purity, Fluka, 0.18 mmol, 100.0 mg, 2.0 mL

of CH3COCH3) was added under sonication in one portion. The resultant fine

black suspension was ultrasonicated for 5 h at 55 �C (ultrasound-mediated con-

stant stirring). Work-up procedures and storage conditions of the resulting poly-

DCbz-magnetite NCs were strictly identical to those of the former polymerization

protocol.

10.6.2

Covalent Attachment of an Aminated NH2-
5O-modified DNA Probe. Hybridization

Experiments onto PolyDPyr-/PolyDCbz-Magnetite NCs. Typical Experimental

Procedures

An appropriate polyDPyr-/polyDCbz-magnetite NC suspension (1% w/v suspen-

sion in a neutral PBS buffer, 100 mL, 1.0 mg) was washed by (a) the same PBS

neutral buffer (3� 100 mL) and by (b) a 0.4 m MES buffer (pH 5.0, 100 mL).

After magnetically-driven decantation, the supernatant was removed and (a) EDC

(0.52 m EDC in 0.4 m MES buffer, 30 mL, 3.0 mg) and (b) the 20-mer amine-

modified oligonucleotide DNA1 NH2-(CH2)12-
5 0
GCACTGGGAGCATTGAGGCT

(0.4 m MES buffer at pH 5.0, 70 mL, 1:68� 10�5
m; Danyiel Biotech Ltd, Israel,

chemical purityb 98%) were added successively at 20 �C. The so-obtained mix-

ture was then incubated at room temperature for 2 h (smooth vortex agitation) for

carboxylate activation.

Upon completion, polyDPyr-/polyDCbz-magnetite NCs were washed with

4� 100 mL of PBS buffer to remove excess DNA1. DNA-coated nanocomposites

can be stored for weeks at 4 �C at a 1% w/v NC concentration in this same neutral

PBS buffer, but containing NaN3 (0.02% w/v), without noticeable degradation.

DNA-linked NCs (1.0 mg) were washed in a TNET buffer (100 mL, pH 7.5) and

distributed as 5.0 mL (50.0 mg) portions to the wells of a thermowell polycarbonate

non-sterile 96-well microtiter plate, which was then connected to a Dynal MPC2
magnetic particle concentrator to separate magnetically the nanocomposites. Each

well was added with the FITC-labeled anti-sense oligonucleotide DNA2 FITC-
5 0
AGCCTCAATGCTCCCAGTGC dissolved in a pH 7.5 TNET buffer (50 mL,

10�7
m; Danyiel Biotech Ltd, Israel, chemical purityb 98%) and the microtiter

plate was incubated for 60 min at 60 �C for hybridization. Hybridized polyDPyr-/

polyDCbz-magnetite NCs were washed by a TNET buffer (4� 100 mL, pH 7.5)

and by 50 mL of a commercially available Assay Solution2 (Savyon Diagnostics Ltd,

Israel) before incubation with the reporter anti-FITC HRP-labeled mouse mono-

clonal antibody (commercially available from Hoffman la Roche Inc., 0.1 mg mL�1,

20 min at 20 �C, 50 mL of an Assay2 Solution). After magnetically-driven decanta-
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tion and plate washings (4� 100 mL of a washing solution), the TMB substrate

(0.05% w/w TMB solution in de-ionized water, 50 mL, Savyon Diagnostics Ltd)

was added for color development for 1.5 min.

Following decantation, supernatants were removed and 80 mL fractions for each

well were transferred to a second PS 96-well microplate for optical reading at 620

nm, using an Elisa plate reader Anthos ht II.

10.6.2.1 Specific Reagents, Buffers and Washing/Assay Solutions

PBS buffer (pH 7.0) prepared from Dubelcco’s Phosphate Buffered Saline

(Sigma); 0.4 m MES (pH 5.0): prepared using 2-morpholinoethanesulfonic acid

hydrate 99%, adjusted to pH 5.0 by addition of 10 m NaOH and stored at 4 �C;

TNET buffer (pH 7.5): prepared from a mixture of 10 mm Tris-HCl, 0.5 m NaCl,

1 mm EDTA and 0.02% Tween-20; washing solution: prepared from a mixture

of 3 m NaCl and 2 m Tris-HCl (pH 7.5). Assay solution: prepared from a mix-

ture of 154 m NaCl, 50 mm Tris-HCl (pH 7.8), 0.5% BSA, and 0.1% Tween 20;

EDC: N 0-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride, >98% pu-

rity (Aldrich).

10.6.3

Quasi-covalent Attachment of a Biotin-5O-modified DNA Probe and

DNA Hybridization Experiments onto Streptavidin-modified

PolyDPyr-(5a)/PolyDCbz(5b)-magnetite NCs. Typical Experimental Procedures

Previously prepared polyDPyr(5a)-/polyDCbz(5b)-magnetite NCs (1% w/v suspen-

sion in a neutral PBS buffer, 200 mL, 2.0 mg) were first washed by the same neutral

PBS buffer (3� 200 mL), and then gently suspended in a freshly prepared cold

0.4 m MES buffer solution of the activating carbodiimide EDC (100.0 mg EDC/

1.0 mL of a 0.4 m MES buffer at pH 5.0, 60 mL, 0–4 �C). After 5 min of gentle

mixing for carboxylate activation, the commercially available, highly purified recom-

binant streptavidin dissolved in the same 0.4 m MES buffer [0.5 (mg of protein)

mL�1 of a 0.4 m MES buffer at pH 5.0, 140 mL, 0–4 �C, Roche Inc.] was injected

for a 1 h of incubation at room temperature (gentle NC mixing/vortexing). The

resulting streptavidin-modified NCs were decanted magnetically, washed by a PBS

neutral buffer (4� 200 mL), and finally suspended in the same PBS neutral

buffer (200 mL) to obtain a 1% w/v suspension of modified NCs ready for use. If

necessary, they can be stored at 4 �C for several days without noticeable degradation.

DNA hybridizations operated on streptavidin-modified polyDPyr(5a)-/poly-

DCbz(5b)-magnetite NCs made use of the 20-mer biotinylated oligonucleotide

DNA1 biotin–(triethylene glycol) linker-5
0
GCACTGGGAGCATTGAGGCT (1.2

nmol, 0.4 m MES buffer at pH 5.0; Danyiel Biotech Ltd, Israel, chemical

purityb 98% as checked by HPLC analysis, incubation time 2.0 h). DNA hybrid-

izations onto NC surfaces were probed and optically quantified using the same (a)

complementary FITC-5
0
-labeled DNA2 and (b) HRP-based amplifying enzymatic

system, according to the formerly described protocol (covalent amide chemistry).

Again, specific (SB) and non-specific binding (NSB) data were averaged values of
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three to six parallel experiments so as to minimize dispersion of optical output

data.

10.7

Conclusions and Research Outlook

Novel chemically oxidizable COOH-DPyr- and DCbz-monomers have been synthe-

sized using a general modular synthetic route (C2-symmetrization of NH2-/

COOH-amino acid-related building blocks) towards a vast range of functionalized

polycarboxylated polyDPyr-/polyDCbz-magnetite NCs. A combination of updated

analytical and spectroscopic means has established – without ambiguity – that

these magnetically responsive NCs possess a core–shell morphology (sheet-like

nanoparticles 20–40 nm in size). This core–shell morphology basically results

from chemical oxidative deposition of insoluble polyDPyr-/polyDCbz-polymers

from the corresponding DPyr-/DCbz-monomers around magnetite nanoparticles.

As a result of NC functionalization [introduction of COOH groups by poly(DPyr)-

poly(DCbz)-polymers], DNA attachments and hybridizations have been success-

fully operated on them under various conditions and attachment formats (covalent

and noncovalent) for DNA capture probes. These studies have emphasized their

interesting potential for DNA-based diagnostic applications. Additionally, this

research clearly offers an original way to combinatorially engineer polyDPyr-/

polyDCbz-polymeric shell coverages of these novel magnetic NCs for the optimi-

zation of any desired application (NC functionalization by proteins/antibodies/

enzymes, small peptides/oligosaccharides, locked nucleic acids, small chemical

ligands/receptors). The novel materials, processes, and knowledge produced dur-

ing this research could also have major applications in materials science and/or

sensing technologies. For example, the fabrication of (a) polyDPyr-/polyDCbz-

nanorods/nanotubules by template-oxidative polymerization of appropriate mono-

mers within nanosized pores of template membranes, (b) new carbon nanotube–

polyDPyr-/polyDCbz NCs, and (c) arrays of nanoporous polyDPyr-/polyDCbz-

covered nanoelectrodes for biosensing applications are currently being developed

in our laboratory.
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11.1

Introduction

Progress in nanotechnology and medicine has led to an expansion of novel dosage

forms for the delivery of drugs to diseased areas while minimizing toxicity to

healthy tissues. Popular nanocarriers include polymeric micelles, dendrimers,

micro-nano-emulsions, liposomes, niosomes, supramolecular complexes, nanosus-

pensions and nanoparticles [1–10]. Most of these can be generally classified as

colloidal drug delivery systems (by virtue of their size and physico-chemical proper-

ties), each having their own merits and demerits. Nanoparticles, especially those

prepared from polymeric materials, enjoy tremendous popularity due to ease of

preparation, ease of tuning physico-chemical properties (through an array of poly-

meric materials), possibility of surface modification, excellent stability and scalabil-

ity to industrial production. Since their conception in the mid-1970s, nanoparticles

have found applicability in almost every section of medicine and biology (besides a

host of other fields) in general, in particular for controlled/targeted delivery of

drugs and genetic materials [11–21].

Nanoparticles can be categorized as colloidal carrier systems of submicron size

that are made from synthetic or natural polymers. Based on the method used for

their formation, they could be either nanospheres (or nanoparticles), which are

essentially monolithic systems having a solid matrix or nanocapsules that have

hollow interior that is filled with the compound of interest and are surrounded by

a polymeric shell [16]. Drug-loaded nanoparticles have been developed for almost

every route of administration – nasal, ocular, mucosal, inhalation, oral, transder-

mal and parenteral. Clinically, they have found applications for diagnosing and

treating a wide range of pathological conditions.

Polymers used to prepare nanoparticles may be biodegradable or non-

biodegradable. An ideal polymer should be biocompatible, biodegradable with

minimum toxicity, sterile and non-pyrogenic, and must have a high capacity to

accommodate drugs and protect them from degradation. Nanoparticles have

been prepared using both natural and synthetic biopolymers. Poly(d,l-lactide-co-
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glycolide), poly(e-caprolactone), polyalkylcyanoacrylates, poly(styrene-co-maleic

anhydride), poly(divinylether-co-maleic anhydride), poly(vinyl alcohol), and poly-

(ethylene glycol) are some of the synthetic, non-immunogenic polymers used

extensively for the preparation of nanoparticles [1, 14, 19, 22–25]. Similarly, poly-

(amino acids), hyaluronic acid, albumin, dextran, chitosan and gelatin are a few of

the natural biodegradable polymers [26–32]. While each polymer has its own ad-

vantages, nanoparticles can be synthesized with a high degree of reproducibility

from most of them; natural polymers, due to their natural origin, are preferred

considering non-toxicity and biodegradability. The striking advantage of synthetic

polymers is the possibility of synthesizing them reproducibly with well-defined

physico-chemical properties. Advances in biotechnology are helping natural poly-

mers overcome this drawback and we can expect a surge in delivery systems based

on them. In the sections that follow, the properties of gelatin, its chemical modifi-

cation, synthesis of nanoparticles using gelatin and its derivatives, characterization

of the formed nanoparticles, loading and release of the payload from the nanopar-

ticles and the biocompatibility of gelatin nanoparticles and their conjugates are dis-

cussed. Further, the use of these nanoparticles in various drug delivery applications

is elaborated.

11.2

Gelatin and Gelatin Derivatives

Gelatin, one of the most versatile, naturally occurring biopolymers, is widely used

in food products and pharmaceutical dosage forms. It is a proteinaceous hydrocol-

loid obtained by partial hydrolysis of collagen. Natural gelatins or recombinant ge-

latins have been tailored to enhance product performance – thus expanding their

applicability in biology and medicine. The following sub-sections give an overview

of such gelatins.

11.2.1

Gelatin

Gelatin is a heterogeneous mixture of single or multi-stranded polypeptides, each

with extended left-handed proline helix conformations and containing between 300

and 4000 amino acids. Figure 11.1 depicts the composition of gelatin in terms of

amino acids. The triple helix of type I collagen extracted from skin and bones con-

sists of alpha and beta helical strands together with their oligomers and breakdown

(and other) polypeptides and has a molecular mass of@95 kDa, is@1.5 nm wide

and@0.3 mm long. It is obtained commercially by acidic or basic cleavage of the

intermolecular and intramolecular covalent bonds that stabilize porcine or bovine

collagen. Figure 11.2 shows the basic structure of gelatin. Based on the process

used for its manufacture, gelatin is obtained either as Type-A or -B. Type-A gelatin

is obtained by acidic treatment of collagen and has an isoelectric point (pI) between
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7.0 and 9.0. Type-B gelatin, however, is obtained by alkaline hydrolysis of collagen

and has a pI between 4.8 and 5.0. [33–35].

Gelatin is a polyampholyte that gels below 35–40 �C. The heterogeneous nature

of the molecular weight profile of this biopolymer is affected by pH and tempera-

ture, which in turn affects the noncovalent interactions and phase behavior of gel-

atin in solution [35]. The numerous pendant functional groups throughout the

polymeric chain present many opportunities for a pharmaceutical chemist to in-

duce novel functionality via chemical derivatization. The purpose could be as sim-

ple as crosslinking and/or hardening or could be as complex as ligand-mediated

active targeting at the cellular level.

11.2.2

Chemical Modification of Gelatin

Different modifications of polymer gelatin are carried out to control the biofunc-

tional properties: biodistribution, targetability and stability of the formulations pre-

pared from the modified polymer [36]. Poly(ethylene glycol) (PEG) conjugation

(PEGylation), thiolation and conjugation with other synthetic block copolymers

and antibodies are some of the currently studied modifications of gelatin.

Fig. 11.1. Amino acid composition of gelatin.

Fig. 11.2. Basic chemical structure of gelatin.
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11.2.2.1 PEGylation

PEGylation is the simplest and most popular methodology employed to increase

the systemic circulation time of colloidal carriers like liposomes, micelles and

nanoparticles [37–41]. It is the most widely accepted and commercially utilized

technique to improve drug performance by optimizing pharmacokinetics, increas-

ing bioavailability, decreasing immunogenicity and dosing frequency [42–47]. The

basic strategy of PEGylation is to hydrophilize the surface and to induce a steric

barrier by anchoring long, mobile PEG chains – thus preventing opsonin recogni-

tion in the reticuloendothelial system (RES) based blood clearance pathway. Based

on the properties of colloids, the stability can be increased by limiting the mutual

interactions (hydrophobic, van der Waal’s, electrostatic etc.) by usage of hydrophilic

and chemically inert polymers that form a protective layer around each particle,

resulting in steric stabilization [48]. The major outcome of PEGylation is the sig-

nificantly increased circulation time, the advantages of which include maintenance

of optimal therapeutic concentration of drug in the blood after single administra-

tion of the drug carrier, increased probability of extravasation and retention of the

colloidal carrier in areas of fenestrated vasculature and enhancement of active tar-

geting ability to areas of diminished blood supply by using a ligand [11]. Besides

PEG, polymers such as poly(vinyl alcohol), poly(acryl amide), poly(vinyl pyrroli-

done) are also used to modify the physico-chemical properties of colloidal carriers

[36].

PEG is a linear or branched polymer with terminal hydroxyl groups and is syn-

thesized by anionic ring-opening polymerization of ethylene oxide initiated by nu-

cleophilic attack of hydroxide ion on epoxide ring. Monomethoxy PEG (mPEG) is

another widely used modification where polymerization is initiated by methoxide

ion. To conjugate PEG to molecules such as polypeptides, polysaccharides, poly-

nucleotides or other polymers, a derivative of PEG is generally prepared by func-

tionalizing one or both the hydroxyl end groups and then coupled to the reactive

amino, hydroxyl or carboxyl groups present on the molecules of interest [42]. The

protective action (Stealth1 property) of PEG is mainly due to the formation of a

dense, hydrophilic cloud of long polyethylene chains on the surface of the mole-

cule/colloidal particle. The tethered/chemically anchored PEG chains can undergo

spatial conformations, thus preventing the opsonization of particles by the RES of

the liver and spleen and hence improving the circulation time of molecules/par-

ticles in the blood. In addition, excellent biocompatibility and lack of toxicity/im-

munogenicity make PEG the polymer of choice for chemically modifying mole-

cule/particles of interest to induce Stealth1 properties [49–51]. The best known

commercial success that employs the PEGylation technology to increase the circu-

lation half-life of an intravenously injected formulation is the Stealth1 liposomal

formulation of doxorubicin (Doxil1) [39].
We have prepared PEG-modified gelatin for drug delivery applications by react-

ing Type-B gelatin with PEG-epoxide according to the scheme depicted in Fig. 11.3

[52]. Carboxylated mPEG can also be prepared, and subsequently coupled to the

amine groups of gelatin by the dichlorohexylcarbodiimide method [53]. FTIR and

NMR analysis confirmed the carboxylation and coupling reactions, and by estimat-
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ing the unreacted mPEG it was determined that each molecule of gelatin was

coupled to 205 molecules of mPEG. In another study, an ester-activated PEG

(mPEG) was coupled to the amino group of gelatin to prepare PEG-grafted gelatin

(PEG-gelatin). This PEG-gelatin formed a micellar structure with PEG chains posi-

tioned on the outer surface of the micelle [54].

When hydrated in an aqueous medium, the chain-like PEG molecule is swiftly

hydrated and set in rapid motion. This extended, quick motion causes the PEG to

sweep out a large volume around it, preventing the approach and interference of

other molecules/particles. As a result, when attached to a drug or a particle, PEG

chains can influence not only inter-molecular/particulate interactions but also pro-

tect the underlying core from immune response and other clearance mechanisms,

thus sustaining drug bioavailability. The size, molecular weight and shape of the

PEG fraction and the linkage used to connect it to the entity of interest determine

the consequences of PEGylation in relation to protein adsorption and pharmacoki-

netics (like volume of distribution, circulation time and renal clearance). When

formulated into colloidal particles, the PEG density on the colloidal surface can

be changed by using a PEG of appropriate molecular weight (hence length of poly

(ethylene glycol) chains) and molar ratio (hence the grafting efficiency) between

gelatin and PEG. Longer PEG chains offer greater steric influence around the

colloidal entity – similar to increased grafting density with shorter PEG chains.

Longer PEG chains may also collapse onto the nanoparticle surface, thus providing

a hydrophilic shield.

Fig. 11.3. Scheme of poly(ethylene glycol) (PEG) conjugation with Type-B gelatin.
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11.2.2.2 Thiolation

Thiolated derivatives of gelatin have been prepared by different methods to create

disulfide crosslinked hydrogels that can act as substrates for cell growth, improve

the mucoadhesive properties of the nanoparticulate material and to functionalize

the gelatin for conjugation with other molecules like antibodies or drugs. Thiolated

gelatin can be synthesized by carbodiimide-mediated reaction of the carboxyl

groups of gelatin with disulfide-containing dithiobis(propionic hydrazide) (DTP)

followed by reduction with dithiothreitol (DTT) (Fig. 11.4) [55]. As this chemical

reaction is based on the modification of carboxyl groups of gelatin, the carboxyl

rich Type-B gelatin is preferred to Type-A. The reaction is carried out at pH 4.7 to

obtain gelatin-DTPH after reduction with DTT [55]. Other thiolation reactions that

involve modification of carboxyl residues are activation of carboxyl groups using

carbodiimide followed by covalent reaction of a sulfhydryl group containing sub-

strate, like cystaminium dichloride [56].

The e-amino groups of the proteins can also be modified to introduce a free thiol

group. Traut’s reagent (2-iminothiolane) undergoes a ring-opening reaction with

amino groups to expose the sulfhydryl group. Reagents like succinimidyl 3-(2-

pyridyldithio) propionate (SPDP), succinimidyl 4-(p-maleimidophenyl) butyrate

(SMPB), N-succinimidyl[4-iodoacetyl] aminobenzoate (SIAB), succinimidyl 4-[N-
maleimidomethyl] cyclohexane-1-carboxylate (SMCC) are also used as bifunctional

crosslinkers that react with amino groups of proteins to produce a free sulfhydryl

group on the surface. Alternatively, gelatin nanoparticles can be thiolated after

crosslinking with glutaraldehyde (post-modification). In such cases, aldehyde

groups are quenched with cysteine, which generates free sulfhydryl groups on the

surface of gelatin nanoparticles [57]. The disulfide content or the free thiol groups

can be determined by Ellman’s assay or by 1H NMR [56].

Thiolated gelatin obtained by utilizing any of the above-mentioned reactions

can be further modified by conjugation with moieties like avidin, which is com-

plexed with biotinylated peptide nucleic acids or biotinylated antibodies [58, 59].

Hyaluronan–gelatin hydrogels have been prepared by disulfide crosslinking of

thiol derivatives of hyaluronan and gelatin that were synthesized separately. Such

disulfide crosslinked hydrogels have been used as a substrate for cell growth [60].

11.2.2.3 Other Conjugates of Gelatin

Gelatin has been conjugated with chitosan by the enzymatic action of tyrosinase on

gelatin [61]. The enzyme tyrosinase is an oxidative enzyme that converts phenols

into O-quinones – hence it reacts with tyrosyl groups present on the telopeptide re-

gion of gelatin to convert them into O-quinones that react with nucleophilic amino

groups of chitosan non-enzymatically. Chemical conjugation of gelatin to chitosan

was confirmed by UV/Visible, IR and 1H NMR spectroscopy. Viscosity measure-

ments carried out at different reaction conditions also indicated the conjugation

of gelatin with chitosan, as it has thermal behavior compared with gels formed by

cooling gelatin. These studies indicate that the mechanical properties of tyrosinase-

mediated conjugates of gelatin can be further explored for medical and industrial

applications [61].
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Semi-synthetic, biodegradable, amphiphilic copolymers of poly(d,l-lactide)

grafted gelatins have been prepared by ring-opening polymerization of d,l-lactide

onto gelatin and a trimethylsilyl derivative of gelatin in the presence of a catalyst,

tin(ii) bis(2-ethylhexanoate), at 80 �C [62]. The solution polymerization was carried

out in DMSO and the copolymers formed were characterized by elemental and

thermal analysis, and IR and 1H NMR spectroscopy. Molecular weights of the

copolymers were calculated and were found to increase with increasing ratio of

d,l-lactide to gelatin, indicating the possibility of fabricating polymers with re-

quired properties for tissue engineering [62].

Gelatin nanoparticles have recently been conjugated to antibodies by avidin–

biotin complex formation [63, 64]. Following crosslinking, some of the reactive

amino groups on the gelatin surface were activated with 2-iminothiolane to intro-

duce reactive sulfhydryl groups. The thiolated nanoparticles were coupled to

NeutrAvidinTM (NAv) previously activated by a hetero-bifunctional crosslinker.

The NAv-modified nanoparticles were then used for the binding of biotiny-

lated antibodies by avidin–biotin complex formation. The biotinylated antibody

attached may be an anti-CD3 antibody that is used for specific drug targeting to

T-lymphocytes or trastuzumab (Herceptin), which could be used for targeting

HER2 overexpressing tumor cells [63, 64].

11.3

Nanoparticulate Carriers of Gelatin and Gelatin Derivatives

Preparation of nanoparticles from a pre-formed polymer is, in general, relatively

straightforward, having high degree of reproducibility. However, the physico-

chemical properties of gelatin, especially its heterogeneity in molecular weight

distribution, make it a challenging polymer with which to produce stable nano-

particles. Nonetheless, many groups have successfully prepared nanoparticles,

from gelatin and its derivatives, that have been evaluated for a range of biomed-

ical applications [65–70]. Desolvation is the most popular technique for preparing

gelatin nanoparticles, followed by techniques such as coacervation and water-in-oil

emulsification.

11.3.1

Desolvation

Desolvation is the process in which solvents of different polarity and hydrogen

bonding, when added to solution of proteins, bring about rolling up or controlled

precipitation of proteins due to the displacement of water molecules from the sur-

face of proteins [71]. In solution, the gelatin molecules are well stretched and upon

addition of (non-)solvents, such as ethanol, acetone or isopropanol, the solubility of

gelatin molecules decreases (as the high hydrogen-bonding capacity of these sol-

vents displaces water molecules), resulting in phase separation of the rolled-up gel-

atin molecules. These molecules have a size range of 100–200 nm and are further
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hardened by crosslinking with aldehydes such as formaldehyde or glutaraldehyde.

The pH and stirring conditions affect the size range and yield of these particles

[15, 35].

11.3.1.1 Desolvation Using Ethanol

The folding of gelatin in solution is determined by noncovalent interactions with

the water molecules and the presence of solvents such as ethanol, which in turn

affect these interactions. Marty et al. first observed that the complex phase behavior

of gelatin was affected by temperature and other experimental conditions [13]. Far-

rugia et al. have investigated the affect of temperature, pH and ethanol concentra-

tion on the molecular weight distribution profile of gelatin in solution in order to

develop a robust method for preparing gelatin nanoparticles [35]. The molecular

weight profile of gelatin remained unchanged at pH 5.0 to 7.0. However, at

pH < 6.0, the gelatin particles lacked a net charge, resulting in aggregation. At

pH > 7.5, the increased charge on the particles contributed to increased resistance

to dehydration. In addition, the turbidity of the solution during nanoparticles prep-

aration was constant at all temperatures within the pH range, and the percentage

of molecular weight fractions precipitated was optimum at ethanol concentrations

ranging from 62.5 to 75% w/w [35].

We have standardized preparation procedures for gelatin and PEGylated gelatin

nanoparticles using the solvent displacement (based on principles of desolvation)

process [52, 72]. Typically, ethanol is used as the non-solvent for gelatin. A 1%

w/v solution of gelatin is prepared at 37 �C and the pH adjusted to 7.0 with 0.2 m

sodium hydroxide. Nanoparticles are formed when the solvent composition is

changed from 100% water to 65% (by volume) hydro-alcoholic solution under con-

tinuous stirring. The nanoparticles are further crosslinked with a 40% v/v aqueous

solution of glyoxal for the desired time and any unreacted aldehyde is quenched

with 12% w/v sodium metabisulfite. Particles so-obtained have a size range of

200–500 nm.

11.3.1.2 Two-step Desolvation

Nanoparticles can be prepared from both Type-A and -B gelatins using this

method. In the first step gelatin molecules of low molecular weight are separated

(through a first-stage desolvation process) and discarded. The sediment obtained is

rich in high-molecular weight gelatin fractions and is resolvated (redissolved in

suitable aqueous medium) to carry out a second-stage desolvation process. Gelatin

nanoparticles obtained by the two-step desolvation process have high stability (pre-

dominantly by virtue of high molecular weight) and do not show any aggregation

or flocculation [73–75].

11.3.2

Coacervation

Coacervation is a process of spontaneous phase separation in the presence of two

oppositely charged polyelectrolytes in solution. Electrostatic interaction between

the electrolytes and the macromolecules results in the separation of a polymer-
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rich phase, the coacervate, and a polymer-poor phase, the supernatant [76]. This

concept of coacervation or phase separation can be used for preparing nanopar-

ticles to encapsulate proteins and drugs.

Leong et al. [68, 76, 77] have synthesized gelatin nanoparticles as vehicles for

gene delivery, by coacervation brought about by desolvation of water molecules

using polyelectrolytes. Gelatin nanoparticles so-obtained form at gelatin concen-

trations ranging from 1.5 to 5% w/v and sodium sulfate from 0.2 to 1.2% w/v.

The conditions of coacervation also depend to a great extent on the mixing condi-

tions and presence or absence of electrolytes in solution. When plasmid DNA

was co-encapsulated with endolysolytic agents such as chloroquine the required

sodium sulfate concentration was reduced by 10–20% w/v. The uncrosslinked

nanoparticles formed were relatively stable in acidic pH; however, as they dissoci-

ate at high ionic strength and neutral pH, the formed nanoparticles were separated

by centrifugation and crosslinked using 0.1 mg mL�1 (1-ethyl-3-[3-dimethylamino-

propyl]-carbodiimide hydrochloride) (EDC); the excess was quenched using glycine

at a concentration of 0.2 m in the final solution.

In other instances, the concept of coacervation was used in combination with

phase separation, in which a 1% w/v solution of gelatin containing surfactant

(polysorbate 20, at 0.5% w/v) was mixed with sodium sulfate (at 20% w/v) to bring

about coacervation followed by phase separation using isopropanol under contin-

uous stirring. The nanoparticles formed were stabilized by crosslinking with glutar-

aldehyde; the excess aldehyde groups were quenched with sodium metabisulfite.

The nanoparticles formed were stabilized by crosslinking with glutaraldehyde; the

excess was quenched using sodium metabisulfite. Nanoparticles with an average

size of 200 nm were separated from the salts by gel-chromatography using Sepha-

dex G-50 [69, 70, 78].

11.3.3

Nano-encapsulation by Water-in-oil Emulsion Method

Nanoencapsulation involves wrapping small amounts of material in individual

coatings or sheaths in discrete, sub-micron sized particles. Materials such as pro-

teins or conventional drugs can be encapsulated, wherein the coatings aid in pro-

tecting the encapsulated material and in achieving prolonged or controlled release.

Gelatin nanoparticles can be prepared by using the emulsifier-free water-in-oil

(W/O) emulsion method either by solvent evaporation [67] or homogenization

[79]. The gelling property of gelatin enables the separation of the hydrogel particles

that are formed in the emulsion, which can be further stabilized/hardened by glu-

taraldehyde crosslinking [67]. Typically, a W/O emulsion is prepared with a gelatin

solution as the internal aqueous phase and a vegetable oil as the external phase.

The payload is incorporated in the internal aqueous phase itself and the two

phases are emulsified under high-speed. The emulsion is then cooled to below

the gelling point of gelatin to facilitate formation of payload-entrapped hydrogel

particles. These are then collected by filtration, the oil phase is washed off with a

suitable solvent and the hydrogel particles are then freeze-dried to obtain free flow-

ing gelatin nanoparticles with an average size range of 840 nm [79].
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The size distribution of these particles was affected by the nanoencapsulation

process – mainly by the time and speed of homogenization and the viscosity of

the gelatin solution. The size of these nanocapsules decreased with increasing

time and speed of homogenization. However, prolonged homogenization resulted

in flocculation of the droplets. The particle size was also increased with increasing

viscosity, with a 1–3% w/w gelatin solution having optimum viscosity. The nano-

encapsulation process was simple, with mild reaction conditions in the absence of

emulsifiers and surfactants that might have harmful effects on the protein and

peptide drugs co-encapsulated. The gelatin nanoparticulate system thus produced

could be used for controlled delivery of protein and peptide drugs by intravenous,

subcutaneous or intramuscular injection [79].

In the method involving solvent evaporation, the external phase is an organic

solvent mixture (e.g., a 1:1 mixture of chloroform and toluene) containing a stabi-

lizer [such as poly(methyl methacrylate) (PMMA)] and the internal aqueous phase

is gelatin in phosphate-buffered saline (PBS). After high-speed homogenization of

the mixture, the internal phase is evaporated under controlled conditions of tem-

perature and pressure to obtain nanoparticles. The particles can then be cross-

linked with an aldehyde if necessary. The nanoparticles are collected by centrifuga-

tion, washed with toluene to remove any excess of polymer and freeze-dried to

obtain a free flowing product with a size range of 100–200 nm. The major advan-

tage of this method is the use of PMMA in the oil phase, which prevents coagula-

tion of the gelatin nanoparticles before and after crosslinking [67].

11.4

Characterization of Gelatin and Modified Gelatin Nanoparticles

Gelatin nanoparticles prepared by different methods are generally characterized for

size, morphology, surface charge and water content. The mean particle size and

size distribution of the gelatin nanoparticles can be measured by photon correla-

tion spectroscopy (PCS) or any suitable technique that is sensitive to detecting par-

ticles in the nanometric range. Particle size analysis also helps in ensuring batch-

to-batch reproducibility of the nanoparticles and hence can be used as a major

quality control tool. Most nanoparticles prepared by the above methods have re-

ported mean sizes ranging from 200 to 400 nm. Colloidal stability, drug encapsula-

tion efficiency, loading capacity, drug release and biodistribution profile, cell inter-

nalization kinetics etc. are strongly influenced by the particle size.

Scanning electron microscopy (SEM) is widely used to study the morphology

and size of nanoparticles. Nanoparticles separated from suspension either by cen-

trifugation or filtration are dried by lyophilization. Cryoprotectants (such as manni-

tol, trehalose etc.) can be used if necessary to promote stability of the particle dur-

ing reconstitution. The dried nanoparticles are mounted on an aluminum sample

mount, sputter coated with gold–palladium and observed by SEM. SEM images

reveal the morphology of these nanoparticles and their actual diameter when

compared with the hydrodynamic diameter obtained by PCS. Hence, nanoparticles
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sized by SEM would be relatively smaller than when determined by PCS [13, 52,

72, 73, 80]. Figure 11.5 shows the SEM image of non-crosslinked gelatin nanopar-

ticles prepared by desolvation using ethanol.

The surface charge on the gelatin nanoparticles is measured by the zeta potential

(the electrical potential due to the charged particles on the thin film of liquid

bound to the surface of nanoparticles). Measurement of the zeta potential is one

of the most important parameters in characterizing colloids, denoting their stabil-

ity. Colloids with high zeta potentials (>G30 mV) are very stable due to electro-

static repulsions, when the zeta potential is close to zero coagulation and sedimen-

tation of the colloidal particles is faster. The gelatin nanoparticles are dispersed in

deionized water (or suitable buffer if necessary) and the zeta potential measured at

the default parameters of dielectric constant, refractive index and viscosity of water

[81].

Measurement of water content is important for any drug delivery system con-

taining a moisture-sensitive compound like proteins. Gelatin nanoparticles are a

kind of nano-hydrogel system that consists of a network of polymer with water

molecules incorporated and the polymer crosslinked to enhance stability. The

high water content in these systems plays a significant role in their biocompatibil-

ity, mechanical strength and drug release. Diffusion of water molecules into the

hydrophilic matrix and formation of a gel barrier affects the release of drug from

the system [82]. Water molecules can be associated with the hydrophilic polymer

gels in three ways: freezing or bound water, freezing interfacial or intermediate

water and free water [83]. Each molecule of associated water can exert its influence

on the stability and reactivity of the polymeric carrier system in different ways.

Li et al. have determined the water content of hydrogel particles of gelatin pre-

pared by the W/O emulsion method [79]. In this method the nanoparticles were

suspended in deionized water and left in a water bath at different temperatures

overnight; each sample was then vacuum filtered using a nylon filter membrane

and the weight of swollen gelatin nanoparticles was compared with the dry weight

Fig. 11.5. Scanning electron microscopy image of non-

crosslinked gelatin nanoparticles prepared by desolvation using

ethanol.
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of gelatin nanoparticles to calculate the percentage water content at each tempera-

ture. The water content of gelatin was linearly dependent on the temperature,

taking up about 51.6% water at 15 �C and 71.4% at 42 �C. NMR spectroscopy and

differential scanning calorimetry (DSC) are also widely used to determine the

water content of gelatin nanoparticles. In addition, NMR spectroscopy is used to

study the structure mobility and hydration properties of the polymers [82].

The nano-structured surfaces of the nanoparticles of gelatin and its derivatives

can be characterized by electron spectroscopy for chemical analysis (ESCA) – a sur-

face analysis technique that exploits the photoelectric effect to obtain information

about elemental composition and identify the functional groups present within a

few nanometers-thick surface layers. This method involves irradiating the sample

with photons (mainly low energy X-rays) that interact with the surface of the mate-

rial and eject electrons, which are then analyzed by a spectrophotometer to identify

the elements they come from. We have analyzed gelatin and PEG-modified gelatin

nanoparticles prepared in our laboratory by ESCA to provide evidence for the

presence of surface PEG chains on the nanoparticles. The results showed surface

functional groups identified by high-resolution peak analysis of carbon-1S (C1S),

oxygen-1S (O1S) and nitrogen-1S (N1S) envelopes that indicate the presence of

ethylene oxide residues of PEG on the surface of modified gelatin [52].

11.5

Loading and Release of Payload from Gelatin Nanoparticles

The payload of drugs or other substances such as proteins or plasmid DNA may be

distributed throughout the matrix, or encapsulated in the cavity enclosed by the

polymer, or adsorbed on the surface of the nanoparticles. Interaction of gelatin

with these substances may be through chemical conjugation, ionic interaction or

physical entrapment. The extent of drug loading and encapsulation efficiency of

the gelatin nanoparticles depends on the molecular weight and also on the nature

of the substance incorporated. Studies by Truong-Le et al. have shown that the en-

capsulation efficiency of gelatin nanoparticles increases with increasing molecular

weight, with some exceptions where charge interactions have a profound affect

[68].

The amount of substance incorporated into the gelatin nanoparticles is generally

estimated either by assaying the supernatant for the free drug or by determining

the amount of drug encapsulated in the particles by subjecting them to enzymatic

hydrolysis. We have used tetramethylrhodamine-labeled dextran (TMR-dextran) as

a model to represent a hydrophilic macromolecular drug. The TMR-dextran was

added to the gelatin solution during nanoparticle preparation, the free drug was

separated by centrifugation and the drug-loaded nanoparticles were dissolved in

protease (0.2 mg mL�1) containing PBS. The florescence intensity of the resulting

solution was measured to account for the amount of drug loaded in the gelatin

nanoparticles, and the loading efficiency was found to be 51% [52]. In certain cases

the loading of conventional drugs like doxorubicin and proteins like bovine serum

342 11 Gelatin Nanoparticles and Their Biofunctionalization



albumin (BSA) was estimated by UV/Visible spectrophotometry and that of plas-

mid DNA by picogreen assay or by radiolabeling the DNA and accounting for its

activity [68, 69, 72, 79].

Drug release from the gelatin nanoparticles may be due to leaching, erosion,

rupture or degradation of the particulate material. Generally, it is suggested that

the release of the payload is via diffusion and bioerosion for the gelatin nanopar-

ticles [52, 72]. The hydrolysis/biodegradation process is accelerated in presence of

enzymes (such as hydrolases or proteases). When the drug is distributed through-

out the matrix, slow erosion or degradation can lead to prolonged drug release [15].

In vitro release studies of drugs from gelatin nanoparticles is generally carried

out in a known amount of PBS, with constant shaking in the presence or absence

of protease. Samples are removed at predetermined time intervals to analyze the

amount of payload released. Sink conditions are maintained throughout the

release study by replenishing the released medium with fresh PBS, and the drug

released is calculated as a function of time [52].

Leo et al. have studied the release of doxorubicin from gelatin nanoparticles by

dynamic dialysis [78]. The release study was carried out in 0.9% w/v NaCl in both

the absence and presence of trypsin in the donor compartment separated by dialy-

sis membrane with a cut-off size of 3.5 kDa. About 9 to 13% of the drug was re-

leased in the absence of the enzyme compared with 12.6 to 23.5% in the presence

of trypsin [78]. The drug release rate from the gelatin nanoparticles was affected by

the degree of crosslinking. This indicated the possibility of achieving controlled re-

lease by manipulating the degree of crosslinking. Gel electrophoresis indicated that

the crosslinking had no effect on the structure and electrophoretic mobility of the

encapsulated DNA [68].

11.6

Biocompatibility Studies

Gelatin has several unique properties that support its usability in medicine and bi-

ology. However, its animal origin and protein nature make it a material with safety

risks, too, especially when intended for medical applications. These safety risks are

related to the presence of prions and other infectious contaminations. Currently,

there are commercial suppliers that produce gelatin by recombinant DNA technol-

ogy (refer to the websites of companies like FibroGen, Fuji-Tilburg, etc.).

To evaluate cellular biocompatibility, cytotoxicity assays have been carried out to

determine the affect of gelatin and modified gelatin nanoparticles on the viability

of the cells in culture. Lactate dehydrogenase (LDH), the enzyme present in the

cytosol of the cells, is a marker of membrane integrity of the living cells, and the

LDH released by the rupture of the membrane of the dead cells is estimated to de-

termine the affect of nanoparticles on the viability of the cells. Brzoska et al. have

compared the cytotoxicity of gelatin nanoparticles with that of human serum albu-

min (HSA) and poly(hexylcyanoacrylate) nanoparticles by incubating them at con-

centrations of 0–50 mg mL�1 for 6 h with pulmonary epithelial cells, monitoring
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the levels of LDH up to 96 h after replacing the supernatant. LDH levels of the

cells incubated with gelatin nanoparticles were constant and were comparable

with that of negative control. The same group has also looked into the ability of

gelatin nanoparticles to initiate the expression of interleukin-8 (IL-8) by the pulmo-

nary epithelial cells. ELISA was used to estimate the concentration of IL-8 in

the supernatant after 24 h incubation of nanoparticles. Notably, gelatin nanopar-

ticles did not initiate any expression of IL-8 even at concentrations as high as

100 mg mL�1 [75].

One of the most popular methods of estimating cytotoxicity is the MTS assay

(commercially available as CellTiter 961 AQueous Non-Radioactive Cell Prolifera-

tion Assay from Promega). It is based on the principle that when a novel

tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium, inner salt or MTS] is incubated with cells, the met-

abolically active cell population converts MTS into purple formazan that is soluble

in the culture medium (unlike the MTT assay, wherein the formazan salt is not

soluble). Mitochondrial dehydrogenase enzymes present in the viable cells cleave

the yellow tetrazolium compound to a purple formazan salt that is estimated by

calorimetry. We have evaluated the cellular toxicity of gelatin and modified gelatins

(PEGylated form) in comparison with polyethyleneimine and lipofectin. Cells incu-

bated with gelatin remained 100% viable even at concentrations up to 200 mg mL�1

[52]. These studies indicate that gelatin is biocompatible and non-toxic, and hence

is safe and could be used as a vehicle for drug delivery applications.

11.7

Applications of Gelatin and Modified Gelatin Nanoparticles

Gelatin has been widely used for various industrial applications, primarily in

food, pharmaceuticals and medicine. It is used extensively in the food industry –

confectionary, dairy, meat, desserts, in bakery products as thickening agents, stabi-

lizer and emulsifier. Gelatin is an inexpensive, non-toxic, biocompatible and biode-

gradable polymer that can be easily formulated – the most popular conventional

pharmaceutical dosage form being soft and hard gelatin capsules. Hydrogels,

films, micro- and nanoparticles based on gelatin represent a few of the novel for-

mulations, which are being explored widely for pharmaceutical and drug delivery

applications.

Gelatin nanoparticles have been used as a carrier for gene delivery applications

[84]. Cellular uptake of these nanoparticles is mainly attributed to endocytosis,

wherein the cells engulf the nanoparticles, forming a vesicular structure (endo-

some) that fuses with the lysosomes within the cytoplasmic space. Upon acidifica-

tion of the endo-lysosomal complex, the nanoparticles degrade and the contents

are released into the cytoplasm to exert pharmacological action. Gelatin nanopar-

ticles have several advantages as a non-viral gene delivery vector. They can be

conjugated to moieties that stimulate receptor-mediated endocytosis, multiple plas-

mids or bioactive agents can be encapsulated and the bioactivity of the encapsu-
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lated DNA could be improved by preventing digestion by nucleases and by using

long-circulating nanoparticles that are modified by PEG [76]. In other instances

the DNA is adsorbed onto the surface of the gelatin nanoparticles by modifying

the surface of gelatin with cholamine (a quaternary amine) to increase ionic inter-

actions [81].

Gelatin nanoparticles can be crosslinked with dialdehydes (glutaraldehyde,

glyoxal etc.) and those aldehyde groups can then be used as chemical handles for

further modification. Crosslinking also helps to control the degradation kinetics of

the nanoparticles. One limitation of using crosslinked gelatin nanoparticles is that

the nature of transfectability of the nanoparticles is reduced due to the reduction in

release rate of the DNA from the nanospheres [68, 77].

Nanoparticulate carriers of gelatin have been used for efficient intracellular deliv-

ery of the encapsulated payload. Our laboratory is engaged in exploring gelatin and

modified gelatin-based nanoparticles for drug delivery. We have carried out cell

trafficking studies using gelatin and PEGylated gelatin nanoparticles loaded with

TMR-dextran as a model hydrophilic drug in BT-20 cells. We observed the localiza-

tion of TMR-dextran loaded nanoparticles in the perinuclear region of the cells.

The particles were mainly taken up by endocytosis, which later escaped the endo-

somal system and were found around the perinuclear area in the cytoplasm [52,

72]. In addition, we have reported the gene delivery efficiency of nanoparticles pre-

pared from gelatin and PEGylated gelatin [85]. Most of the administered gelatin

and PEGylated gelatin nanoparticles were internalized in NIH-3T3 fibroblast cells

within the first 6 h of incubation. A large fraction of the administered nano-

particles was concentrated in the perinuclear region of the cells after 12 h. Green

fluorescent protein expression was observed after 12 h of nanoparticle incuba-

tion and remained stable for up to 96 h. Flow cytometry results showed that the

DNA transfection efficiency with gelatin and PEGylated gelatin nanoparticles

was 43% and 61%, respectively, after 96 h. This study illustrates that PEGylated

gelatin nanoparticles were rapidly internalized by the cells through nonspecific

endocytosis and remained intact in the cytosol for up to 12 h [85]. A similar study

was carried out using non-crosslinked gelatin nanoparticles loaded with plasmid

DNA; confocal images in Fig. 11.6 show the florescence observed at 24 and 96 h

post-transfection.

Kushibiki et al. have proven the long-circulation property of PEGylated gelatin by

using 125I-labeled gelatin [54]. The grafted polymer was obtained by incubating

succinimidyl succinate methoxy-PEG with gelatin followed by radio-iodination by

the chloramine-T method. Nanoparticulates with an average size of 100 nm were

prepared by micellization of gelatin and PEGylated gelatin solutions at concen-

trations ranging from 0.04 to 10 mg mL�1 in the presence of 5 mm N-pheny-1-
naphthylamine (PNA) in methanol. Results of the biodistribution studies indicated

a parallel increase in area under the curve (AUC) with an increase in molecular

weight of the grafted PEG at the same degree of PEGylation, [54].

We have prepared nanoparticles from gelatin (Type-B) and PEGylated gelatin,

radiolabeled with 125I for in vivo biodistribution studies after intravenous (i.v.) ad-

ministration in mice bearing Lewis lung carcinoma [58]. From the radioactivity in
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plasma and various organs collected, most PEGylated nanoparticles were evidently

present either in the blood pool or taken up by the tumor mass and liver. For in-

stance, after 3 h, the concentrations of PEGylated gelatin nanoparticles were

almost two-fold higher in the blood pool than the control gelatin nanoparticles.

PEGylated gelatin nanoparticles remained in the blood pool for a longer due to

the steric repulsion effect of the PEG chains as compared with the gelatin nanopar-

ticles. In addition, ca. 4–5% of the recovered dose of PEGylated gelatin nanopar-

ticles was present in the tumor mass for up to 12 h. Plasma and the tumor half-

lives, mean residence time, and the AUC of the PEGylated gelatin nanoparticles

were significantly higher than those for the gelatin nanoparticles. These results

showed that PEGylated gelatin nanoparticles possess long-circulating properties

and can preferentially distribute in the tumor mass after systemic delivery.

Leong et al. have studied the in vivo transfection efficiency of gelatin nanopar-

ticles containing the LacZ plasmid in the tibialis anterior muscle of 6-week-old

BALB/c mice; the muscle was isolated and homogenized 3 weeks after injection

to assay the expression of b-galactosidase. The gelatin nanoparticles exhibited a

more profound and sustained gene expression than the naked plasmid DNA and

lipofectamine complexes [76].

Research carried out by Farrugia et al. has indicated the antitumor activity of

empty gelatin nanoparticles, which effectively inhibited the formation of mela-

noma tumors by binding to the fibronectin surfaces that interfere with tumor

growth [80]. This property can allow gelatin nanoparticles to be used as a possible

alternative to Bacillus Calmette-Guerin vaccine in the treatment of melanoma [80].

In yet another study, nanoparticles of gelatin and PEGylated gelatin, ranging in

size from 100–1000 nm, have been prepared via a self-assembly process. These

nanoparticles were degraded by collagenase IV within 1 min and the degraded

fragments had a molecular weight of 2000 and below, which is smaller than the

Fig. 11.6. Fluorescence confocal microscopy images of

NIH-3T3 murine fibroblast cells transfected with enhanced

green fluorescent protein plasmid DNA (EGFP-N1)-loaded

gelatin nanoparticles after 24 and 96 h post-transfection.
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cut-off molecular size for the kidney membrane. This indicates the possibility of

using these complexes for anticancer therapy wherein the payload is released by

the action of matrix metalloproteases (MMPs) at the cancer site. all-trans-Retinoic
acid has been used as a model drug, and the loading efficiency was found to be

about 92% when loaded at 1% weight of polymer. Release studies of the drug-

loaded PEGylated gelatin nanoparticles revealed an accelerated release profile in

the presence of collagenase IV – an enzyme present in high concentrations in

tumor tissues [53].

Gelatin-based nanoparticulate systems have also been used to deliver protein and

peptide drugs. Macromolecules such as proteins are degraded in the gastrointesti-

nal tract when administered orally and these drugs require multiple injections to

achieve the desired therapeutic effect if administered via the parenteral route. Li

et al. have studied gelatin nanoparticles to overcome these hurdles for the delivery

of a model protein (BSA) [59, 79].

Gelatin nanoparticles have been explored to encapsulate antitumor drugs, which

resulted in increased efficiency, controlled release, and targeting of drugs to the af-

fected area. Paclitaxel-loaded gelatin nanoparticles were used to enhance the solu-

bility of the drug and its partitioning across biological membranes that are sensi-

tive to Cremophor EL, a constituent used to solubilize paclitaxel in commercial

formulations. X-Ray diffraction analysis indicated an amorphous state of the en-

trapped drug, thus confirming its enhanced solubility. These paclitaxel-loaded gel-

atin nanoparticles were used to treat dogs with intravesical bladder carcinoma and

a 2.6� higher drug concentration was achieved in tumors compared with control

dogs treated with Cremophor EL containing a commercial paclitaxel injection

[86]. Studies have been conducted by injecting doxorubicin-loaded glutaraldehyde-

crosslinked gelatin nanoparticles into rats by intraperitoneal injection [69]. The an-

imals were monitored for side effects by electrocardiogram and body weight and

the results indicated that control nanoparticles (without any drug) did not show

any toxicity. Although the efficiency of the anticancer drug was enhanced, upon re-

peated administration the formulation (doxorubicin-loaded gelatin nanoparticles)

showed high cardiotoxicity. This was attributed to covalent attachment of the drug

to the carrier and the toxicity of the degradation products of these drug-peptide

conjugates [69, 78]. Michaelis et al. also observed similar results, by conjugating

diethylenetriamine pentaacetic acid (DTPA – an extracellular chelator) to gelatin.

The attachment to gelatin enhanced cellular uptake and increased the cytotoxic

and antiviral activity of DTPA by five- to eight-fold [74].

11.8

Conclusions

The unique physical, chemical and biological properties of gelatin and its modified

derivatives make it a best possible alternative for drug delivery and therapeutic

applications. The safety of traditional gelatins, especially in terms of immunoge-

nicity, presence of biological impurities and other drawbacks associated with
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tissue-derived material are some of the reasons why researchers have developed a

complete set of new recombinant gelatins. Advances in biotechnology have pro-

vided gelatins with well-defined molecular weights, pI, guaranteed lot-to-lot repro-

ducibility, and the ability to tailor the molecule to match a specific application.

They are also biodegradable, non-immunogenic, have excellent cell binding prop-

erties, and can be delivered with a purity of >99.9%. Thus the new generation re-

combinant gelatins are the most appropriate materials for a range of medical and

pharmaceutical applications, including hydro-gels for controlled release functions,

tissue engineering scaffolds, and stabilizing additives of vaccines or bio-pharma-

ceuticals. It is also evident that gelatin is useful in maintaining the therapeutic

activity of biotechnological products such as proteins, peptides and oligonucleo-

tides, in reducing the toxicity of cytotoxic compounds such as doxorubicin and

help in improving the targeting ability of various drugs to the diseased site. The

examples cited in this chapter show a broad potential for a wide range of clinical

and therapeutic applications using gelatin, and ongoing studies should help to im-

prove therapeutic approaches for the effective use of this natural polymer.
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amyloid derived diffusible ligands 27, see also
ADDLs
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– detection 118
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ATRP 78

Au see gold
autoimmune diseases 140

Nanotechnologies for the Life Sciences Vol. 1
Biofunctionalization of Nanomaterials. Edited by Challa S. S. R. Kumar
Copyright 8 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31381-8

353



b
bacteriophage 189

ballistic conductors 42

BBB 82

bidentate enediol 74
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bovine serum albumin see BSA
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– multi-walled 42

– selfassembling 56

– semiconducting 42
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chemotherapeutic agents 82
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CNT film-based devices 56
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colloidal nanoparticles 158
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– PMBN/PLA 145

colloid gold 99
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concentration, biofunctionalized particles 81
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core/shell nanoparticles 79
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core/shell structure, magnetic nanoparticles
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covalent amide bond chemistry 313
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covalent bioconjugation 16
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covalent BSA-SWNT conjugate, AFM image
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CP 299
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– gelatin nanoparticles 345
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DCbz-based Monomers 305
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desolvation 337–338
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– detection 26

– electrochemical 58

– microarrays 150–182

detection efficiency, time-dependent decrease

320

detection methods, biomolecular 153

dextran-magnetite 82

diagnosis, high-performance 144–149

dielectric core 159

dimerizing nanoparticles 246

dimers, gold nanoparticles 245

dimer structures, gold nanoparticles 107

dispersing agents 48
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DNA 162

– optical detection 118

DNA/RNA targets 74

DNA Attachment 299–329

DNA binding domain 111

DNA-biofunctionalized nanocomposites 313

DNA condensation 271

DNA-conjugated metal nanoparticles 150
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DNA detection 152

– microarrays 171

DNA-directed nanoparticle assemblies 103–

111
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– detection 26

– nanocomplex-supported 320

DNA immobilization 172

DNA microarrays 152
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DNA-nanoparticle conjugates 165

DNA probe attachments 311

DNA sensing 235

DNA sensors, gravimetric 158

dopamine 73–75

double-walled carbon nanotubes see DWNTs

DPyr-/DCbz-based Monomers 302

DPyr- and DCbz-containing monomers,

structures 301

DPyr-based Monomers 305

DPyr-containing Monomers 301

drug-polymer systems 196

drug bioavailability 334

drug delivery 330

drug molecules, biosynthesis 72

drug release 343

drugs, synthesis 80–82

drug targeting 82

ds-DNA 165

DWNTs 42, 42
dye-doped nanoparticles 3–5

dye-doped silica shells 9–10

dynamic light scattering 134–135

e
EDAC 211

EDAX 307

EDC 52

electrical detection 156

– gold nanoparticles 157

electric arc discharge 43

electrochemical detection 156–157

electronic devices, assembly 54–58

electronic resonance 158

electron microscopy 2, see also EM
electron spectroscopy for chemical analysis

342

electrophoresis 174

electrostatic coupling, quantum dots 16

electrostatic interactions, protein coupling

185

EM 2

Energy-Dispersive X-Ray Microanalysis, EDAX

307

engineered proteins 254

enhanced permeability and retention effect

272, see also EPR
enzymatic activity 81

– enzymes 207

enzymatic amplifying system 313

enzyme inhibition 118

enzymes, self-assembly 248

EPR 272

Epstein-Barr virus 288

ESCA 342

Escherichia coli 191

esterification, carbodiimide-mediated 185

ethanol, desolvation 338

ethylene glycol 102
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eukaryotic viruses 271

excitons 5

exfoliation 47

f
fabrication, nano-scaled 125

FCS 19

ferritin 206

ferrofluid 86

– water-soluble 77

ferromagnetic nanoparticles, heating 87

FET see also field-effect transistor
fiber-forming peptides 261

fibers 260

fibrinogen 209

field-effect transistor 60

field effect transistors 54

films, carbon nanotube 45

filtration 56

flavoenzymes, reconstitution 219

fluorescence correlation spectroscopy 19, see
also FCS

fluorescence probe 129–131

fluorescence wavelength, phospholipid

polymer aggregation 131

fluorescent nanoparticle probes 2–10

fluorescent nanoparticles 1

– biocompatibility 18

– bioconjugation 11–17

fluorescent nanoprobes, hybrid architec-

tures 9

folate ligands 289

folate-linked nanoparticles

– NPI 279

– NPII 280

– properties 281

– selectivity 282

– structure 280

folate-linked vectors 272

folate receptors 273

folate receptor-targeting liposomes 273

folic acid 85

– conjugation 276

FR 273, see also folate receptors

FRET 186

FRET system, scheme 187

FR-targeting nanoparticles 274

functional CPs 300

functional groups 76

functionalization 48–49

g
ganiclovir 287–291, see also GCV
GCV monophosphate 288

gel, pore size 244

gelatin 331–337

– amino acid composition 332

– chemical modification 332–335

– chemical structure 332

– conjugates 335–337

– nanoparticulate carriers 337

– PEG conjungation 334

– thiolation 336

gelatin capsules 344

gelatin nanoparticles 336

– applications 344

– characterization 340–342

– payload 342–343

– SEM images 341

– size distribution 340

– surface charge 341

– transfection efficiency 346

gel barrier 341

gel electrophoresis 106

– GST-Zif268 113

– protein binding 112

– specific binding 117

gel electrophoresis analysis 115

gel filtration separation 106–107

gels, nanoporous 167

gene delivery 270

– gelatin nanoparticles 344

– vehicles 339

gene expression system 270

gene therapy 87

– tumor-targeted 270–298

gene transfer vectors, size 287

glass substrates 56

globular proteins 17

glucose, detection 61

glucose oxidase see GO

glutamate sensor 25

glutathione s-transferase 112, see also GST

glyconanospheres 22

GO 60

gold colloids 161

gold contacts 55

gold nanodots, photoluminescence excitation

241

gold nanoparticle-based microarrays 171

gold nanoparticles 2

– biofunctionalization 99

– biological applications 167

– dimer structures 108

– electrolyte-induced aggregation 252

– geometrical parameters 111

– images 243

– ligand-protected 100–103
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gold nanoparticles (cont.)
– metal enhancement 154

– modification 162

– oligonucleotide modification 153

– protected with neutral ligands 102

– rational design 251

– strongly ionic ligand-protected 102

– structures 101

– surface-bound 153

– synthesis 99

– synthesis methods 101

– trimer structures 109

– weakly ionic ligand-protected 102

gold nanospheres 17

gold spheres, TEM images 237

graphene cylinders 42

graphene layer 204

graphite sensors, screen-printed 62

gravimetric 158

GSH 115

GST 112

GST protein, specific binding 117

h
hepatic clearance 73

Herpes simplex virus thymidine kinase 287,

see also HSV-tk

hierarchical self-assembly 261

high-pressure carbon monoxide

disproportionation 43, see also HiPco

high-resolution transmission electron

microscopy 153, see also HRTEM

HiPco 43

his-tag 254

histidine-tagged proteins 75

HIV virus, detection 127

HL60 214

HL60 cells, confocal images 215

hollow protein 193

hollow protein cages 194

homobifunctional crosslinkers 12

horse radish peroxidase 307

HPA, specific binding 220

HRP 313

HRTEM 153

– microphotographs 309

HSV-tk 287

HSV-tk/GCV system’s mode 288

human promyelocytic leukemia 214

hybrid architectures, fluorescent nano-

probes 9

hybridization

– DNA 104

– steric interference 170

hybrids, nanoparticle–dye 9

hybrid structures 41

hydrogels 335

hydrogen peroxide 138

hydrophilic coatings 4

hydrophilic surface modfication, quantum

dots 8

hydrophobic interactions 73

hydrophobic nanoparticles 184

hydrophobic polymers 3

hyperthermia treatments 82

i
IgE 188

IgG 13

– covalent binding 165

– nanocomposite 74

IMAC 254

– particle separation 258

immobilization, bioactive molecules 72

immobilization of biocatalysts, support 81

immobilized biological molecules 51

immobilized lipase 81

immobilized metal affinity chromatography

254

immunoagglutination 140

immunoassay 140

– quantum dots 25

immunocytochemistry 166

immunological magnetic beads 218

infectious processes 140

inflammation marker 140

inflammatory response 119

inorganic magnetic cores 309

inorganic nanoparticles 184

in situ synthesis 152

interactions, amino acids with noble metals

250

intracellular delivery 345

intravesical bladder carcinoma 347

ion-exchange chromatography separation 51

Ionic Ligand-protected gold nanoparticles

102

Ionic Ligands, gold nanoparticles 102

iron(ii) sulfate, oxidative hydrolysis 320

iron oxide nanoparticles 82

isothermal titration calorimetry 250

k
key materials 127–129

l
labels, fluorescent nanoparticles 27

lactate dehydrogenase 343
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Langmuir–Blodgett techniques 169

lanreotide 261

large-scale preparation 108

laser ablation 43

lattice constant 247

lattice structure, carbon nanotubes 42

LDH 343

lead biosensor 118

lectin detection 119

leucine-zipper sequences 259

ligand 114

– pentapeptide 167

ligand-exchange 238

ligand exchange reaction 103–111

ligand molecules, immobilization 22

ligand-protected gold nanoparticles 100–103

ligands 73

– activity 15

– capping 252

– peptide capping 251

light emission, metal nanocrystals 239

light scattering, metal nanocrystals 239

linkers 184

– peptide-based 258

lipid-based nanoparticles 270–298

lipidic chain 50

lipids, PEGylated 273

lipoplexes 277

lipopolyplex 277

Listeria innocua 193

liver imaging 84

low cytotoxicity coatings 23

lowry assay 201

luciferase activity 287

lyophilization 340

lysine 250

– coupling to gold 164

lysozyme, binding with gold nanoparticles

117

m
M13 bacteriophage 189

mAbs 272

maghemite nanocomposites 73

maghemite nanoparticles, structure 74–75

magnetically responsive nanocomposites

307

magnetic beads 160

magnetic core conducting polymer shell

nanocomposites 299–329

magnetic cores, formation 80

magnetic drug targeting 86

magnetic fluid hyperthermia 87

magnetic hyperthermia 160

magnetic hyperthermia therapy 82

magnetic nanocomposites, structure 74–75

magnetic nanoparticles 78

– biofunctionalization 72–98

– functionalization 80–82

magnetic resonance imaging see MRI

magnetism measurements, magnetic

nanocomposites 310

magnetite nanocomposites

– screening 315

– sensitivity patterns 316

– stability 320

– TEM microphotographs 312

magnetite nanoparticles 305

– structure 77

magnetite preparation 320

magnetite-silica-polypyrrole NC 299

magnetoliposomes 74

maleimide, coupling to gold 164

maltose-binding protein 186, see also MBP

maltose sensors 25

materials, recognition 256

MBP 186

MCH 162

MEONP 129

– chemical structure 130

mercaptohexanol 162, see also MCH

metal catalysts 81

metal colloids 158

metal–dye 9

metal enhancement, gold nanoparticles 154

metal ions, release 20

metallic nanoparticles

– biofunctionalization 150–182

– biological applications 242

– functionalization 235–269

– light scattering properties 239

– optical properties 238

– overview 236–248

– stabilization 248

metallic nanoparticle synthesis, peptides 250

metallic nanoprobes, bioconjugation 16

metallic sensors 26

metallopeptides 259

metal nanocrystals

– light emission. 239

– light scattering 239

metal nanoparticles 7–9

– biofunctionalization 167

– DNA-conjugated 150

– synthesis 9

metal oxide particles 160

methacrylate derivative see MPC

MFH 87
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microarrays 152

– gold nanoparticle 171

microcantilevers 158

microemulsions 278

microfluidic chip 26

microspheres, quantum dots 10

microstructured biochips 154

molecular diagnosis 139

molecular diversity 301

molecular machine 125

molecular thin films 169–172

monoclonal antibodies 272

monodispersed nanoparticles 134

monodisperse silica particles 4

monofunctionalization 246

monolayer protected, gold nanoparticles

114

monolayer protected au nanoparticles 104

monolayer protected nanoparticles, reaction

scheme 114

monolayers, self-assembly 169

monomethoxy PEG 333, see also mPEG

monomolecular thin films 167

morphology 134–135

MPC 127

– chemical structure 127

mPEG 333

MPS 73

MRI 82

MRI contrast agents 72

MR Imaging 83–85

MTS assay 344

multi-color imaging, quantum dots 28

multifunctional swnt structures 56

multi-walled carbon nanotubes see MWNTs

multiplexing, quantum dots 26

MWNTs 42

murine fibroblast cells, fluorescence confocal

microscopy images 346

MWNTs 42

– aligned 61

– structure 46

n
nanocapsules 330

– size distribution 340

nanocarriers 330

nanocomposites

– magnetic core conducting polymer shell

299–329

– magnetically responsive 307

– parallel screening 311

nanocore surfaces, coating 77

nanocrystal alignment 191

nanocrystal ordering 242

nanocrystals 5

– TOPO-coated 252

nanocrystal superlattices 193

nanodevices, bottom-up design 54

nanodots, metallic 241

nano-encapsulation 339–340

nanofabrication 125

– key materials 127–129

nanomaterials, conjugation with proteins

183–234

nano-optodes 25

nanoparticle, synthesis 79

nanoparticle aggregation 18

nanoparticle assemblies 103–111

nanoparticle-based imaging 23

nanoparticle binding domain 111

nanoparticle–dye hybrids 9

nanoparticle probes, fluorescent 2–10

nanoparticles

– active ester groups 135–137

– amplified signal 138–139

– assembly 202

– bioconjugate 131

– dye-doped 3–5

– fluorescent 1–40

– gold 99

– inorganic 184

– lipid-based 277

– magnetic 72–98

– magnetite 305

– metal 7–9

– metallic 150–182

– peptide-capped 255–256

– phospholipid 125–149

– photochemical activity 7

– polymeric 3

– programmable assembly 111–113

– rare-earth-doped 4

– x-ray photoelectron spectra 133

nanoparticles for gene delivery system 271

nanoparticles-proteins interactions 118

nanoparticle-stabilizing coatings 21

nanoparticle types 159–161

nanoparticulate carriers, gelatin 337–340

nanoplex 280

nanoporous gels 167

nanoporous hydrogel 175

nanoprobes

– photostable 27

– size ranges 3

nano-scaled processing 126–127

nanoscale science 248

nanoscale semiconductors 184
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nanospheres 330

– silica 4

nanotube, electronic structure 205

nanotube field-effect transistor 60

nanotube functionalization 214

nanotubes 260

– carbon 41–71

– conductance 208

– helical wrapping 51

nanowires 165

– platinum 251

nanowiring 187

nasopharyngeal cancer 291

nasopharyngeal tumor 287

NC compositions 308

NC concentration 318

NC Fabrication 320

– optimized procedures 320

NC-Supported DNA Hybridizations 320

near-infrared spectroscopy 45, see also NIR
neuron, live 64

neuronal growth 63

neurons, cultured 63

Neutral Ligands, gold nanoparticles 102

NH2-
5O-normal-modified DNA Probe 313

NHS 52

N-Hydroxysuccinimine 52, see also NHS

nickel nitrilotriacetic acid 254

Ni-NTA 254

nir quantum dots 28

NIR spectroscopy 45

NMR analysis 115

NNLAC 252

noble metals 250

noncovalent biofunctionalization 50–52

non-functional CP 300

non-solvent precipitation 104

non-specific adsorption, elimination 216

nonspecific binding, GSH 115

non-specific binding 314

nonspecific binding tests 117

nonspecific interactions, elimination 113–

117

non-specific interactions, biosensors 60

non-specific protein adsorption 125

non-specific protein–nanotube conjugation

209

non-viral gene delivery vector 344

non-viral particle systems 271

nonviral vectors 275

NP see nanoparticles
NPI 279

NPII 280

NPIII-F nanoparticles, TEM images 284

NPIII nanoplexes 286

nucleic acids 118

o
oligonucleotide immobilization 170

oligonucleotide layers, formation 164

oligonucleotide modification, gold nano-

particles 153

oligonucleotides 162

– covalent attachment 163

– hybridization 55

on-chip synthesis 152

opsonization process 83

optical absorbance 153

optical microscopy 1

organic ligands 73

organic solvents 102

organosilane groups 74

oxidative polymerization 306

oxidative polymerization conditions 305

oxidizing agents 47

p
PAA 80

PABS 48

particle size 134–135

pathogen detection sensitivity 213

patterned growth 43

patterned mwnts 45

Patterned SWNTmultilayer films 57

payload, loading 342–343

PBS 340

pca 195

PCS 340

PEBBLEs 25

PEG 77

– aqueous medium 334

PEGA 173

PEG-coated nanoparticles 272

PEG coating 217

PEG-linker, length 278

peg-magnetite nanoparticles 87

PEG-OH 238

PEGylation 332–335

PEO 48

peptide-based amphiphiles 262

peptide-based linkers 258

peptide-capped nanoparticles 255–256

peptide capped particles, binding 255

peptide-capped silver nanoparticles 252

peptide capping ligands 251

peptide chains 17

peptide-DNA hybrids 254

peptide-DNA Linker 259
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peptide extensions 253–255

peptide-peptide linker 259

peptide route 235–269

peptides 248

– biologically active 259

– capping ligands 252

– reducing agent 250

peptide self assemblies, images 261

peptide-texas red linker 259

peptide toolbox, bionanotechnology 249

phage display 256, 259

phage display method 191

pH conditions 203

phosphine, coupling to gold 164

phosphine-protected, gold nanoparticles 100

phospholipid polar groups 131

phospholipid polymer, bioconjugate 129

phospholipid polymeric nanoparticles 125–

149

phospholipid polymer surfaces, bioinert

properties 128

phospholipids 74

phospholipids polar group 127

photochemical activity, nanoparticles 7

photo-initiator 174

photoluminescence 186

photon correlation spectroscopy 340, see also
PCS

photooxidation, reduction 10

photostability 5

photostable nanoprobes 27

photothermal interference 242

physisorption 11

pi-stacking interactions 51

PLA 131

plasmid DNA 285

plasmids 270

plasmon resonance 158

PLL 58

PMBN/PLA

– antibody immobilized 142

– colloidal stability 145

PMBN/PS nanoparticles 131

PMMA 340

p-nitrophenyloxycarbonyl poly(oxyethylene)

methacrylate 129, see also MEONP

POC 150

point-of-care diagnostics 150, see also POC
poly(acrylic acid) 22

polyampholyte 332

PolyDCbz-Magnetite nanocomposites 322

polydispersity 4

PolyDPyr-/PolyDCbz-Magnetite NCs, stability

320

PolyDPyr-Magnetite nanocomposites 322

polyelectrolytes 338

polyethylene glycol see PEG
polyethylene oxide 48, see also PEO
poly(l-lactic acid) 131, see also PLA
poly-l-lysine 58, see also PLL
poly-m-aminobenzene sulfonic acid 48, see
also PABS

polymer, biodegradable 131

polymer chain, folding 248

polymeric coatings 21

– biocompatible 82

polymeric nanoparticles 3

polymeric polypyrrolic capsules, nanosized

300

polymeric sensors 25

polymerization media 307

polymerization of ethylene oxide 22

polymer–magnetite nc morphology 309

polymers 173

– hydrophobic 3

– layer-by-layer deposition 78

– synthetic 331

– water-soluble 48–49

polypeptide mixture, gelatin 331

poly(propionylethylenimine-co-ethylenimine)

49, see also PPEI-EI
polysaccharides 4

polystyrene 131, see also PS
PPEI-EI 49

PPO 80

precipitation with compressed antisolvent

195

pre-formed synthetic polymers 80

preparative-scale synthesis 103–111

probes, fluorescent 2–10

probes encapsulated by biol. localized

embedding 25, see also PEBBLEs
programmable assembly of nanoparticles

111–113

prostate cancer 270

protein, isomeric conversion 204

protein/cell separation 73–80

protein adsorption 20

protein binding, gel electrophoresis 112

protein coat, virus 191

protein crystal s-layers 192

protein detection, C-reactive 139–144

protein isomeric conversion 202

protein–nanotube conjugation, non-specific

209

protein recognition 189

protein-resistant surface 20

protein-resistivity of, PEG-coated 217
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proteins 248

– bifunctional 111–113

– coupling 204–205

– crosslinkers 188

– electronic detection 58

– functional groups 185

– gold nanoparticles 165

– gold nanoparticles 166

– histidine-tagged 75

protein–SWNT conjugation, indirect 216

PS 131

PSMA 283

purity, CNTmaterial 45

pyrrole synthesis 303

q
QCMs 158

QD see quantum dots

quantum dots 5–7

– bioconjugation 15–16

– biofunctionalized 24

– emission properties 6

– microspheres 10

– multiplexing 26

– peptide coatings 22

– surface-functionalized 19

– synthesis 5–6

– TOPO-synthesized 7

quantum dot sensors 25

quantum dot surface, passivation 23

quartz-crystal-microbalances 158, see also
QCMs

quasi-covalent attachment

– magnetite NCs 324

– modes 319

quasi-covalent linkage 318

r
radiotherapeutic agents 82

raman scattering 155

rapid expansion of supercritical solutions

195–196, see also RESS
rare-earth-doped nanoparticles 4

rational design 251

rayleigh scatterer 2

receptors, self-assembly 248

recognition of materials 259

reduced folate carrier 282, see also RFC
Reducing Agent, peptides 250

relaxation 84

relaxation time 83

RES 333

RESOLV

– experimental setup 197

– process 196

ress 195

reticuloendothelial system 83

reverse microemulsion method 4

reverse micelle procedures 9

RFC 282

Ricinus communis 218

s
salmonella antibodies 173

SAMs 161

SAR 87

SAS 195

Sav-TMR 186

SAXS 110

SBP 207

scaffolds 46

– CNT-based 43

scanning electron microscope 134–135

scanning electron microscopy 63

scanning tunneling microscopy see also STM
scanometric array 154

scatchard analysis 166

scattering cross-sections 239

SCF 195

schizophyllan 218, see also SPG
SCMF 20

screen-printed graphite sensors 62

SDBS 48

SDS 48

SEDS 195

selenium nanoparticle–antibody conjugates

154

self-assembly 54

– monolayers 161, see also SAMs

– peptides 249

– s-layer 192

– structures 247

SEM 340

semiconductor materials 5

semiconductor nanoparticles

– assembly 204

– BSA-conjugated 197

– protein-conjugated 202

semiconductors, nanoscale 184

sensors, polymeric 25

separating biomolecules 174

sequential enzymatic reactions 137–138

– scheme 138

SERS 9

serum, high-performance diagnosis 144–

149

serum-free CRP, calibration curve 142

silane coupling agents 159
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silanes 7

– surface modification 171

silica coatings 81

silica nanoparticles 4

silica nanospheres, hollow 4

silica particles, monodisperse 4

silica shells, dye-doped 9–10

silicon oxide 170

silver coating 118

silver nanocrystal, light scattering 239

silver nanocrystals 236

silver nanodots 241

silver nanoparticles

– AFM 203

– AFM analysis 200

– BSA-conjugated 198

– peptide-capped 252

– synthesis 161

– TEM-images 199

single-chain mean field theory 20, see also
SCMF

single-domain 72

single molecule detection 2

single molecule imaging 1

single-stranded dna, interaction with CNTs

51

single-walled carbon nanotubes see SWNTs

size distribution, polymer nanoparticles 135

size-exclusion chromatography 257

S-layer, central pore 247

s-layer lattice types 192

S-layer proteins 247

s-layers 191

small angle x-ray scattering 108, 153, see also
SAXS

sodium 1-anilinonaphthalene-8-sulfonate

129, see also ANS
sodium dodecylbenzene sulfonate 48, see also
SDBS

sodium dodecyl sulfate see SDS
Sol–gel 77, 186

solid-phase reactions 246

solid-state bioapplications 205

solubilities, SCF 195

solubility of magnetic nanoparticles 82

solution 129–131

– phase characterization 103–111

– supercritical 195–196

solution enhanced-dispersion by supercritical

fluids 195, see also SEDS
soybean peroxidase 207, see also SBP
spacer molecules 169

specific absorption rate 87, see also SAR

specific binding 113–117

specific conjugation 210

– carbon nanotubes 206

specific recognition 254

spectral shift 153

SPG 218

spherical colloid 126

spherical nanocrystals, monodisperse 236

SPIO see superparamagnetic iron oxide

spleen imaging 84

spotting systems 174

SPR 26

spraying 56

SPR Imaging 155

SPRS 169

ssDNA 51, 165

stabilization concept, quantum dots 7

stabilization of nanoparticles 19

stabilizers 4

Staphylococcus aureus 13

starch polymers 86

steroid-cyclic disulfide anchoring group 162

stimulus-dependant hydrogel 262

STM 153

Stöber process 77

strep-tag ii 253

streptavidin 186

– nonspecific binding 218

streptavidin attachment 312

streptavidin–biotin interactions 318

streptavidin–biotin system 166

Streptavidin-modified magnetite NCs 324

streptavidin recognition 217

streptavidin-SWNT 60

substrate biofunctionalization: 168

substrates, biofunctionalization 167–168

succinimide, coupling to gold 164

sugimoto method 305

suicide gene therapy 291

supercritical anti-solvent 195, see also SAS
supercritical fluid methods 195–204

supercritical pressure 195

superparamagnetic iron oxide 72

superparamagnetic nanoparticles 74

– heating 87

supramolecular assemblies 50

surface z-potential 132–134

surface-bound gold nanoparticles 153

surface coatings 19

surface composition 115

surface elemental analysis 132

surface-enhanced raman scattering see SERS
surface exchange reaction 76
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surface-initiated polymerization 78

surface layers 191, see also S-layers
surface plasmon absorption 197

surface plasmon resonance 26, 239

surface plasmon resonance imaging 153

surface plasmon resonance spectroscopy

169, see also SPRS
surfactants, water-compatible 47–48

SWNT, semiconducting 58

SWNT-FET 217

SWNT FET devices 209

SWNT-FET devices 55

SWNTmultilayer films, patterned 57

SWNT-PEI 65

SWNTs 42

– aqueous solubilization 213

– assembly 59

– biosensors 58

– noncovalent functionalization 219

– self-assembly 47

– types 43

SWNT structures, assembly 56

SWNT tip 63

– AFM 62

synthesis

– carbon nanotubes 43–46

– nanoparticle assemblies 103–111

synthesizing metal nanoparticles 9

synthetic approaches 302

synthetic polymers 78

synthetic routes 99–103

t
targetability 332

targeted drug delivery 86–87

targeting ligand 289

TEM 164

TEM microphotographs, magnetite NCs 312

template-directed 191

TEOS 77

tetraethyl orthosilicate 77, see also TEOS
tetramethylbenzidine 138, see also TMBZ

TGA 307

therapeutic drugs 80–82

thermogravimetric analysis 307

thin films 167

– molecular 169–172

thiol 162

thiolation 332

thiol coupling 15

thiol groups 185

three component sandwich assays 244

titration calorimetry, isothermal 250

TMBZ 138

tmv 193

tobacco mosaic virus see also TMV

TOPO-coated nanocrystals 252

TOPO-synthesized quantum dots 7

toxicity 331

– carbon nanotubes 65

tracking applications 28

transfection activity in vitro 280

transfection activity in vivo 285

transfection efficiency 282

– gelatin nanoparticles 346

transgene expression 85

transistor devices 58

transmission electron microscopy 164, see
also TEM

transmitter dopamine 61

trimers, gold nanoparticles 245

triple helix 331

triton coating 216

tumor hyperthermia treatments 82

tumor markers 82

tumors, growth 289

tumor-targeted gene therapy 270–298

tyrosinase 335

u
ultrasensitive DNA detection 61

ultra-small superparamagnetic nanoparticles

84, see also USPIO

ultrasonication 47

USPIO 84

v
vectors, folate-linked 272

vegetable oil, water-in-oil emulsion 339

viral capsid transitions, monitoring 119

viral infection 119

viral vectors 270

virus 118–124

virus protein coat 191

w
water-compatible surfactants 47–48

water-in-oil emulsion 339–340

watersolubility, quantum dots 7

water-soluble CNTs 53

water-soluble macromonomers 126

water-soluble nanoparticles 102

water-soluble polymeric magnetic nano-

particles 79

water-soluble polymers 48–49

wet-chemical preparation 184
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x
x-ray diffraction 153

x-ray photoelectron spectra, nanoparticles

133

x-ray photoelectron spectroscopy 132

z
zeta potential, gelatin nanoparticles 341

Zif268 111

– binding site 112

zigzag 42

Zn fingers 111
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