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Foreword

The ACS Symposium Series was first published in 1974 to provide a
mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.

ACS Books Department
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Preface

Current applications of nanotechnology span from new materials for energy
production or conversion (including photovoltaics, fuel cells, etc.), to a variety
of consumer products and novel pharmacological formulations, and expand now
extensively to biomedical research, medical diagnostics and therapy. In this
book, a comprehensive overview of the progress achieved in the development
of functional nanoparticles for novel bioanalytical techniques and assays,
enhancement of medical diagnostic imaging, and a variety of cancer treatment
therapies is presented, and future trends of nanotechnology applications in these
areas are evaluated. Particular emphasis is placed on the functionalization of
metal, semiconductor and insulator nanoparticles for targeting cancer cells,
delivering drugs and chemotherapeutic agents, preventing or reducing body
inflammation response, averting biofouling and cytotoxicity, and enabling cell
membrane crossing. Progress in the development of nanoparticles enhancing
the diagnostic imaging is discussed in detail and this includes nanoparticles
for Magnetic Resonance Imaging (MRI), Computed Tomography (CT) scan,
megasonic imaging, and novel photoacoustic and Raman imaging. The image
enhancing nanoparticles enable precise in-surgery viewing of tumors aiding
surgical tumor removal in such complex cases as the brain tumor neuroblastoma,
requiring ultra-precise incisions to remove cancer protrusions. Among novel
imaging techniques, the Raman imaging provides distinctive features, such
as chemical identification and multiplexing capabilities. It is noteworthy that
Raman imaging is only possible owing to the extraordinary signal amplification
enabled by the interaction of laser light with functionalized gold or silver
nanoparticles administered to the targeted tissue. On the other hand, the
interaction of nanoparticles with electromagnetic fields is also a key element in
radiotherapy, photodynamic therapy, and hyperthermal cancer destruction. In
these treatments, the nanoparticles specially optimized for efficient absorbance of
electromagnetic irradiation are administered to a body, either locally to a tumor
tissue or systemically into the blood stream when targeting had been developed
so that the nanoparticles can recognize the tumor and accumulate in it. The
tuning of nanoparticles to achieve absorbance of electromagnetic radiation at a
specific wavelength in UV, visible, or NIR spectral region, requires an in-depth
knowledge of optical and electronic properties of nanoparticles. Several Chapters
are devoted to the synthesis and analysis of particles’ size and shape dependencies
of optoelectronic properties. In the case of gold and silver nanoparticles, the
main absorption of electromagnetic energy in the visible region is due to the
excitation of a collective oscillation of surface free electrons which is called the
surface plasmon resonance. The optical property depends on the nanoparticle

ix
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size, shape, surface, interparticle spacing, and the medium. Very strong effect
on the absorption frequency has been observed with different aspect ratios of
the nanorods. Interesting properties of fluorescent semiconductor core-shell
nanoparticles, their broad across-the-spectrum size-dependent absorbance
tunability, biocompatible functionalization, and biomedical applications are the
focus of several Chapters.

The book covers comprehensively the two new trends of the recent
development: (i) the theranostic multimodality (where theranostics = therapy
+ diagnostics), which combines two important nanocarrier functionalities:
therapeutic drug delivery and enhanced diagnostics (e.g. by adding
imaging-enhancement markers), and (ii) the race for the development of
nanoparticle-enhanced biosensors which can serve as a useful, inexpensive, and
easy-to-operate bioelectronic device in patients point-of-care.

Since the field of functional nanoparticles is rapidly expanding, with new
discoveries reported every year, we hope that a wide audience will find this
book very attractive as a source of valuable information concerning the synthesis
of nanoparticles, their functionalization, and construction of biosensors and
bioelectronic devices. We truly hope that researchers, students, medical doctors,
and other professional workers will find the two volumes of this large collection
of intriguing ideas, new data, and future developments, as a useful source to build
on in further studies.

Maria Hepel

Chuan-Jian Zhong
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Chapter 1

Biomolecule/Nanoparticle Hybrid Systems
for Bioanalysis and Nanomedicine

Ronit Freeman, Bilha Willner, and Itamar Willner*

Institute of Chemistry, Center for Nanoscience and Nanotechnology,
The Hebrew University of Jerusalem, Jerusalem 91904, Israel
*E-mail: willnea@vms.huji.ac.il. Fax: +972-2-652-77-15.

Tel.: +972-2-658-52-72

Metallic nanoparticles (NPs) and semiconductor quantum dots
(QDs) exhibit unique photophysical, electronic and catalytic
properties. The present article summarizes several paradigms
developed in our laboratory for the use of semiconductor QDs
and metal NPs for the in vitro and intracellular bioanalytical
applications. Special emphasis is directed to the use of
the different systems for future nano-medicine. Different
photophysical mechanisms are implemented for the application
of QDs for bioanalysis including fluorescence resonance
energy transfer (FRET), electron transfer quenching, and
chemiluminescence resonance energy transfer (CRET).
The different mechanisms are used to develop analytical
assays for enzymes, analysis of DNA, and the detection of
aptamer-substrate complexes. Specifically, the development of
multiplexed analysis schemes, and the amplified detection of
DNA through the enzymatic recycling of the target-analyte are
addressed.

The plasmonic properties of metal NPs are utilized to
develop optical bioanalytical platforms. This is addressed
with the biocatalytic growth of Au NPs and the colorimetric
detection of enzyme activities and their substrates such as
alcohol dehydrogenase, glucose oxidase and tyrosinase. The
aggregation of Au NPs and the resulting color change, as a
result of interparticle coupling of the localized plasmons of the
individual Au NPs is implemented to develop different sensing
platforms. This is addressed with the detection of DNA and

© 2012 American Chemical Society
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of Pb2+-ions, using the Pb2+-dependent DNAzyme. Also, the
coupling between the localized plasmon of Au NPs and the
surface plasmon wave associated with surfaces is implemented
to develop amplified surface plasmon resonance (SPR) analysis
schemes for DNA aptamer-substrate complexes and Hg2+-ions.

Finally, Nile-blue-functionalized semiconductor QDs are
used to detect the 1,4-dihydronicotinamide adenine dinucleotide
(phosphate), NAD(P)H, cofactor. The sensing of the cofactor is
applied to follow the intracellular metabolism of HeLa cancer
cells, and to probe anti-cancer drugs (taxol). Similarly, the
NADH-mediated growth of Cu on Au NPs is used to follow
biocatalytic transformations by plasmon resonance Rayleigh
scattering spectroscopy of single metallic NPs using dark-field
microscopy. Upon the incorporation of the NPs in HeLa cancer
cells, the intracellular metabolism could be followed at the
single-NP level, and the effect of anti-cancer drugs on cell
metabolism was followed.

Introduction

Metal nanoparticles (NPs) or semiconductor nanoparticles (quantum
dots, QDs) exhibit unique optical, electronic and catalytic properties that are
derived from their nano-dimensions. For example, metal NPs exhibit localized
plasmons with size-controlled excitation energy gaps that reveal unique optical
features such as plasmon-enhanced fluorescence or Raman spectra, inter-particle
plasmon coupling effects, or longitudinal plasmonic excitons of non-symmetrical
NPs. Similarly, semiconductor QDs reveal size-controlled absorption and
luminescence properties. Biomolecules such as enzymes, antigen-antibodies,
or DNA exhibit nanoscale dimensions. Hence, the integration of biomolecules
with metal NPs or semiconductor QDs may lead to nanostructures that combine
the recognition and catalytic properties of the biomolecules with the unique
electronic, optical and catalytic functions of the NPs and QDs (1–5). These
bio-hybrid nanostructures may, then, be implemented as functional material for
bioanalytical and nano-medical applications. Indeed, several review articles have
addressed the progress in the area and discussed the future perspectives of the
field (1, 4, 6–9). The present chapter aims to introduce some of our studies that
apply semiconductor QDs and metallic NPs for optical and electronic sensing and
discuss the implementation of these systems in bioanalysis and nano-medicine.

Bioanalytical Application of Semiconductor QDs

Semiconductor QDs exhibit unique optical properties reflected by size-
controlled fluorescence, high luminescence quantum yields, narrow luminescence
spectra, large Stokes shifts, and high stability against photobleaching (10–15).
These optical features, particularly, the sized-controlled luminescence of the QDs
turn these nanomaterials to be ideal labels of biomolecules for the multiplexed
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analysis of biosensing events. Indeed, numerous studies applied QDs as
fluorescent labels for biosensing events such as the multiplexed analysis of
pathogens (16) or DNAs (17). Nonetheless, biomolecules enable the application
of the biomolecule/QDs hybrid systems to probe the dynamics of biorecognition
events or of biocatalytic transformations by more complex photophysical
mechanisms, or to harness the combined functions of the biomolecule-QDs
hybrids to develop novel bioanalytical platforms. Figure 1 schematically outlines
the different photophysical mechanisms that will be applied to develop the
different QDs bioanalytical platforms. The photo-excitation of the QDs yields
an electron-hole pair that upon radiative recombination yields the size-controlled
luminescence. Provided that the bio-recognition event or the biocatalytic process
lead to the labeling of the composite with an acceptor fluorophore exhibiting
absorbance spectral overlap with the luminescence of the QDs (Figure 1(A)),
the fluorescence resonance energy transfer process (FRET) could follow the
dynamics of the catalytic reactions. The fluorescence resonance energy process
(FRET) involves the dipole-dipole interaction between a donor and an acceptor,
where the FRET probability, assuming a two point-like random distribution of
the dipole, decreases with distance by the sixth power. This turns the FRET
efficiency, E, to be very sensitive to the distance, r, separating the donor-acceptor
couple, (where Ro is the Förster radius), Eq. 1. The Förster radius Ro is calculated
by Eq. 2, where K2 is a parameter that depends on the relative orientation of the
dipoles, and gains a value between 0 and 4 (for two randomly oriented dipoles the
value of K2 is 2/3). QYD corresponds to the luminescence quantum yield of the
donor fluorophore, n is the refractive index of the medium, and J(λ) represents
the overlap integral that provides a quantitative measure for the donor-acceptor
spectral overlap. The overlap integral is calculated by Eq. 3, where εA(λ) is
the extinction coefficient of the acceptor and FD(λ) is the normalized emission
spectrum.
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Figure 1. (A) Spectral overlap between the emission and absorption spectra of
the donor-acceptor pair. (B) Electron transfer routes quenching semiconductor

quantum dots by electron acceptor or electron donor units.

Typical Förster distances separating the donor and the acceptor range
between 2 and 8 nm. FRET signals are detectable up to about twice the Förster
distance separating the donor-acceptor pair. If, however, the acceptor unit
is tethered to n×donor sites, the FRET efficiency increases and is given by
Eq. 4. Alternatively, the biomolecule/QDs conjugates may be labeled by a
biocatalyst that yields chemiluminescence. Provided that the spectral features
of the resulting chemiluminescence overlap the excitation energy of the QDs,
the chemiluminescence resonance energy transfer (CRET) might trigger-on the
luminescence of the QDs and yield an optical readout signal for the sensing
process. Similarly, the labeling of the recognition complex with an electron
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acceptor unit (or electron donor) that exhibits energy levels that accept electrons
from the conduction band level of the QDs (or donates electrons to the valence
band holes of the QDs) may introduce an electron transfer (ET) path that quenches
the luminescence of the QDs, Figure 1(B). The electron transfer (ET) quenching
of photoexcited QDs is a versatile useful photophysical mechanism to follow
spatially-restricted close interactions between electron donor-acceptor sites. The
photoexcited QDs might participate in electron transfer via two general routes
outlined in Figure 1(B). The photoexcitation of the QDs yields an electron-hole
pair in the conduction band and valence band of the QDs. In the presence of an
electron acceptor (A), exhibiting a LUMO energy level more positive than the
conduction band potential, electron transfer quenching of the conduction band
electrons to the acceptor units occurs. Similarly, in the presence of an electron
donor (D) exhibiting a HOMO level that is less positive than the valence band
potential, electron transfer from the donor to the holes associated with the valence
band proceeds.

The two electron transfer routes deplete either the conduction band electrons
or the valence band holes, thus prohibiting the recombination of the electron-
hole pairs on the photoexcited QDs. Provided that the electron-hole recombinant
process leads to the generation of luminescence, any of the competitive electron
transfer reactions leads to the quenching of the luminescence of the QDs. The
rate of electron transfer between the QDs and an electron acceptor (or an electron
donor and the QDs) is given by Eq. 5 where R0 and R represent the van-der Waals
distance and the real distance separating the donor-acceptor pair, respectively, β
is the electronic coupling constant, ΔG0 is the free energy change associated with
the electron transfer process, and λ is the reorganization energy accompanying the
electron transfer process

The use of these three photophysical mechanisms for different bioanalytical
and nanomedical applications will be exemplified.

The protein kinases are a large family of enzymes that modulate the activity
of proteins by phosphorylation. They regulate the majority of cellular pathways,
especially those involved in signal transduction (18, 19). One of the most versatile
of the protein kinases is casein kinase II (CK-2), a serine/threonine-selective
protein kinase that is involved in signal transduction, transcriptional control,
apoptosis, cell cycle and more (20). Aberrant activity of CK-2 has been implicated
in a number of diseases. For example, both reduced amount and reduced activity
of CK-2 were found in neurons of patients with Alzheimer’s disease (21, 22). On
the other hand, elevated amounts of CK-2 were found in various types of cancer
(23). It also plays a major role in the life cycle of HIV-1, and it has been found
that CK-2 is a selective target of HIV-1 transcriptional inhibitors (24). Therefore,
quantifying CK-2 activity from different tissue samples, and having a method for
screening for CK-2 inhibitors are of great interest to the medical community.

5
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Figure 2. Probing the activity of casein kinase (CK-2) using CdSe/ZnS QDs and
the FRET mechanism: (A) Through the application of a dye-labeled antibody
that binds to the phosphorylated peptide. (B) Time-dependent FRET spectra
upon analyzing CK-2, 1 Unit, according to (A). Spectra were recorded at time
intervals of 8 min. (C) Analyzing CK-2 through the biocatalyzed phosphorylation
of the peptide with the dye-labeled ATP and implementing the FRET process
as readout mechanism. (D) Time-dependent FRET spectra upon analyzing

CK-2, 1 Unit according to (C). Spectra were recorded at time intervals of 7 min.
Reproduced with permission from reference (25). Copyright (2010) (American

Chemical Society).

Figure 2(A) outlines the FRET-based detection of the activity of CK-2
by the labeling of an antibody with an acceptor-dye and following the FRET
process within an immuno-complex formed between the labeled antibody and
the CK-2-generated phosphorylated product associated with the QDs (25).
CdSe/ZnS QDs were modified with the serine-containing peptide, (1). The
CK-2-catalyzed phosphorylation of the peptide by ATP yielded (2). The
Atto-590-labeled antibody that binds specifically to the phosphorylated peptide
(2) was then linked to the modified QDs, and the FRET process between the
QDs and the Atto-590 acceptor dye was used to follow the activity of CK-2.
Figure 2(B) depicts the time-dependent luminescence features of the system.
The quenching degree of the luminescence of the QDs was ca. 40%. Similarly,
the interaction of the (1)-functionalized QDs with Atto-590-modified adenosine
triphosphate, Atto-590-ATP, in the presence of CK-2, yielded the Atto-590-labeled
phosphorylated peptide, (3), Figure 2(C). The FRET process between the QDs and
the acceptor fluorophore enabled, then, to follow the phosphorylation reaction.
Figure 2(D) shows the time-dependent luminescence changes of the system. As
the CK-2 biocatalyzed phosphorylation of (1) is prolonged the FRET process is
intensified, and this is reflected by the decrease in the luminescence of the QDs at

6

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
35

.4
2 

on
 N

ov
em

be
r 

27
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 N
ov

em
be

r 
26

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
2.

ch
00

1

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



λmax = 560 nm and the enhanced fluorescence of Atto-590 at λmax = 620 nm. These
results are consistent with the time-dependent increase of the phosphorylated
reaction product.

CdSe/ZnS were, also, applied to follow NAD(P)+-dependent enzymes, using
a FRET mechanism (26). The QDs were functionalized with the redox-active
Nile-Blue, NB+, dye molecules, Figure 3(A). In the oxidized state, the NB+

(4) quenches the luminescence of the QDs by a FRET mechanism with an
energy-transfer quenching efficiency of around 90%, yet the reduction of the dye
by the 1,4-dihydronicotinamide adenenine dinucleotide(phosphate), NAD(P)H,
yielded the colorless reduced dye NBH, (5) that could not quench the QDs by
the FRET mechanism. Accordingly, the rate of NB+ reduction was controlled by
the concentration of the NAD(P)H cofactor, and the luminescence of the QDs
reflected the concentration of the reduced cofactor. The successful sensing of the
NAD(P)H cofactors by the NB+-functionalized QDs was, then, used to follow
NAD+-dependent enzymes and their substrates, such as the alcohol dehydrogenase
AlcDH, and ethanol as substrate, Figure 3(B). The AlcDH-catalyzed oxidation
of ethanol to acetaldehyde is accompanied by the reduction of NAD+ to NADH.
Since the concentration of NADH is controlled by the substrate concentration
(ethanol), the resulting luminescence of the QDs, is related directly to the
concentration of ethanol.

Figure 3. (A) Optical detection of NADH by Nile-Blue-functionalized CdSe/ZnS
QDs. (B) Fluorescence analysis of ethanol by the NAD+-dependent alcohol
dehydrogenase and the Nile-Blue-functionalized semiconductor QDs. (C)
Time-dependent luminescence changes of HeLa cancer cells modified with
Nile-Blue-functionalized CdSe/ZnS QDs upon activation of intracellular
metabolism (NADH generation) with: (a) D-glucose; (b) L-glucose. (D)
Time-dependent luminescence changes of HeLa cancer cells modified with

Nile-Blue-functionalized QDs, where (a) HeLa cells treated with D-glucose; (b)
HeLa cells were pre-treated with Taxol and then with D-glucose. Reproduced

with permission from reference (26). Copyright (2009) (Wiley-VCH).
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Figure 4. (A) FRET-based analysis of M13 phage DNA by probe nucleic
acid-functionalized QDs that bind the analyte and subsequently replicate the
analyte in the presence of polymerase and the dNTPs mixture that includes

Texas-Red-functionalized dUTP. (B) Time-dependent FRET spectra following the
replication process (a) before addition of Texas-Red-labeled-dUTP and (b-d)

after 1, 30, and 60 min of replication. (C) Analysis of cocaine by QD/dye aptamer
subunits and implementation of the FRET mechanism. (D) Time-dependent
FRET spectra corresponding to the dynamics of the self-assembly of the
cocaine-aptamer subunits and demonstrating intracomplex FRET process,
according to (C). Inset: Calibration curve corresponding to the luminescence
quenching degree of the QDs by different concentrations of cocaine. (A) and
(B) were reproduced with permission from reference (27). Copyright (2003)
(American Chemical Society). (C) and (D) were reproduced with permission

from reference (33). Copyright (2009) (Royal Society of Chemistry).

Besides the ability to follow the activities of NAD+-dependent enzymes, and
to sense their substrates, the NB+-modified CdSe/ZnS QDs were used to probe
intracellular metabolic processes, and specifically, to screen drugs that could
control cellular disorders that affect intracellular metabolic pathways (26). This
was exemplified by probing the metabolic pathways in HeLa cancer cells, and
demonstrating the optical detection of the anticancer Taxol drug on the cancer
cell metabolism, by applying the NB+-functionalized QDs as optical labels.
Realizing that the NAD(P)H cofactor is a key intermediate in the cell metabolism,
the intracellular monitoring of NAD(P)H levels provides a quantitative measure
for the cell metabolism. Accordingly, the NB+-modified CdSe/ZnS QDs were
incorporated into HeLa cancer cells cultured under starvation. The living cells
were then subjected to the addition of D-glucose as a nutrient that triggered-on
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the cell metabolism. This was evident by the rapid formation of NAD(P)H and
the time-dependent increase in the luminescence generated by the cells, Figure
3(C), curve (a). For comparison, the non-native L-glucose nutrient did not affect
the cell metabolism and did not increase the luminescence of the cells, Figure
3(C), curve (b). The ability to follow the activation of the HeLa cells metabolic
pathways by the modified QDs was further implemented to characterize the
inhibition of the cell metabolism by the anti-cancer drug, Taxol, (6), Figure 3(D).
In these experiments the QDs-containing cells were cultured under starvation in
the absence and presence of the Taxol, and the cells were subsequently subjected
to D-glucose to activate the cell metabolism. While in the absence of Taxol,
(6), the intracellular metabolism was activated, as evident by the increase in the
luminescence intensities of the QDs, Figure 3(D), curve (a), the luminescence
originating from the Taxol-treated cell remained low, Figure 3(D), curve (b).
These results demonstrate that the NB+-functionalized QDs hold future promise
in the area of nanomedicine and drug screening. As many diseases are reflected
by intracellular metabolic disorders, the rapid evaluation of the effects of drugs
on the cells could lead to useful drug screening.

The luminescence properties of semiconductor QDs, and the FRET
mechanism, were also used to develop nucleic acid-based sensing platforms. This
will be exemplified with the detection of DNA and the design of aptamer-based
sensors. Figure 4(A) depicts the schematic detection of the M13 phage DNA by
QDs, using the FRET mechanism (27). The CdSe/ZnS QDs were functionalized
with the nucleic acid (7) that is complementary to a sequence domain of the target
analyte. Hybridization of the M13 phage to the probe nucleic acid (7), associated
with the QDs, was then followed by replication of the analyte in the presence
of polymerase and the dNTPs mixture that included Texas-Red-modified dUTP,
(8). The incorporation of the Texas-Red dye into the replicated DNA resulted
in the FRET process from the QDs to the dye units. Figure 4(B) shows the
time-dependent enhancement of the fluorescence of the Texas-Red units, and the
concomitant decrease in the luminescence of the QDs, (ca. 50% quenching) as
the replication proceeds.

Nucleic acids that recognize proteins or low-molecular-weight substrates
(aptamers) attract growing interest as functional sensing materials (28–30). The
Systematic Evolution of Ligands by Exponential Enrichment (SELEX) process
enables the effective selection of specific nucleic acid sequences that specifically
recognize the respective substrates (31, 32). We found that the cleavage of the
aptamer sequences into subunits still allows the assembly of the subunits and the
target analyte into the supramolecular aptamer-substrate complex. This principle
was implemented to develop FRET-based aptasensor system and is exemplified
with the development of a fluorescence-based cocaine aptasensor (33), Figure
4(C). The anti-cocaine aptamer sequence was cleaved into the two subunits (9)
and (10). The subunit (9) was covalently linked to the Atto-590-fluorophore
and subunit (10) was covalently linked to the CdSe/ZnS QDs. While in the
absence of the cocaine the two subunits lack energetic stabilization of the aptamer
structure (and, thus, no FRET between the QDs and the fluorophore occurs),
the addition of cocaine stabilizes the supramolecular aptamer subunits-cocaine
complex, resulting in the FRET process in the self-assembled nanostructure.
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This FRET process enables the probing of the time-dependent assembly of the
cocaine-subunits complex with a quenching degree of ca. 30%, Figure 4(D).
Furthermore, as the formation of the supramolecular complex is favored as the
concentration of cocaine increases, the fluorescence of the system at a fixed
time-interval of assembly of the nanostructure provides a quantitative signal for
the concentration of cocaine, Figure 4(D), inset. This system enabled the analysis
of cocaine with a detection limit that corresponded to 1×10-6 M.

The use of the electron transfer (ET) quenching mechanism of the
semiconductor quantum dots for bioanalytical applications requires that the
energy levels of the electron-acceptor quencher or the electron-donor quencher
will be positioned positively to the conduction-band level, or negatively to the
valence-band energy level, respectively, to allow electron transfer between the
photogenerated electron/hole pair and the acceptor/donor counterparts. These
electron transfer processes compete with the radiative electron-hole recombination
process, thus leading to the quenching of the luminescence of the QDs.

Figure 5. (A) Analysis of tyrosinase by methylester-tyrosine-functionalized
QDs using an electron transfer quenching mechanism. (B) Time-dependent

electron-transfer quenching of the luminescence of the QDs by the
tyrosinase-generated dopaquinone units after (a) 0 min, (b) 0.5 min, (c) 2 min,
(d) 5 min, and (e) 10 min. Reproduced with permission from reference (34).

Copyright (2006) (American Chemical Society).

The ET quenching was used to develop an optical sensing platform for
tyrosinase (34). This enzyme is over-expressed in melanoma cancer cells and is
considered as a biomarker for these cells (35). CdSe/ZnS QDs were functionalized
with the tyrosine methyl ester substrate, (11). In the presence of tyrosine and
oxygen, the L-tyrosine residues are oxidized to L-DOPA, and subsequently to
the dopaquinone residues, (12), Figure 5(A). The quinone products act as ET
quenchers of the QDs, thus leading to the quenching of the luminescence of the
QDs. Figure 5(B) depicts the time-dependent decrease of the luminescence of the
QDs (the fluorescence intensity decreased by 45%), as the tyrosinase-catalyzed
oxidation of the capping layer of the QDs proceeds.
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Figure 6. (A) Electron transfer quenching of the luminescence of CdSe/ZnS
QDs by the hemin/G-quadruplex. The appropriate energy levels diagram of
the components is provided. (B) Analysis of the DNA strand (15) by a hairpin
probe (14) that is associated with CdSe/ZnS QDs and includes in its stem region
the “caged” sequence of the G-quadruplex. The opening of the hairpin by the
analyte leads to the self-assembly of the hemin/G-quadruplex that quenches via
electron transfer the luminescence of the QDs. (C) Time-dependent quenching
of the luminescence of the QDs upon analyzing the target DNA, (15), 1 μM.
(D) Calibration curve corresponding to the luminescence quenching degree
by different concentrations of the analyte DNA, (15). (Quenching data were

recorded after a fixed time-interval of 45 minutes). Reproduced with permission
from reference (41). Copyright (2010) (American Chemical Society).

A second example for using the ET quenching mechanism for developing
QDs-based sensors involves the coupling of the QDs to hemin/G-quadruplex
that has been recently extensively used as a biocatalytic label (DNAzyme) for
amplifying different biorecognition events (36–38) or to follow enzyme-mediated
transformations (39). Also, the hemin/G-quadruplexwas used as an electrocatalyst
for the amplified electrochemical detection of DNA or aptamer-substrate
complexes (40). The hemin/G-quadruplex exhibits quasi-reversible redox
function that turns the complex as a potential ET quencher of QDs, Figure 6(A).
Indeed, we demonstrated that the surface associated with hemin/G-quadruplex,
(13), quenches the luminescence of the QDs. This property was used to develop
different fluorescent nucleic acid-based sensors (41). This is exemplified in
Figure 6(B) with the development of DNA sensors. The hairpin nucleic acid
structure (14) was linked to CdSe/ZnS QDs. The single-stranded loop, domain I,
contained the recognition sequence for the target DNA, while domain II, being
a part of the duplex stem region, consisted of the G-quadruplex sequence. The
caging of the G-quadruplex sequence in the stem region prohibited the formation
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of hemin/G-quadruplex and resulted in the luminescent QDs. Hybridization
of the analyte DNA (15) to the loop of the hairpin resulted in its opening,
allowing the assembly of the hemin/G-quadruplex acting as ET quencher of
the QDs. The time-dependent quenching of the luminescence of the QDs,
Figure 6(C), reflects the rate of opening of the hairpin and self-assembly of the
hemin/G-quadruplex quencher units. As the population of the hairpins, and thus,
the hemin/G-quadruplex quenchers, are controlled by the concentration of the
analyte DNA, the degree of quenched QDs (up to 55% quenching) relates to the
concentration of the analyte (15), Figure 6(D), thus allowing the quantitative
analysis of the target DNA. This concept was, further, implemented to detect
aptamer-substrate complexes by using pre-tailored hairpin structures that include
in their loop region the respective aptamer sequences (41). Also, the enzyme
telomerase was assayed through the telomerization of the enzyme primer and
assaying the resulting hemin/telomeric G-quadruplexes through the quenching of
the QDs (42).

A further mechanism for the implementation of semiconductor QDs for
optical biosensing has involved the chemiluminescence resonance energy transfer
(CRET) process. The hemin/G-quadruplex acts as a horseradish peroxidase
mimicking DNAzyme (43) that catalyzes the oxidation of luminol by H2O2
with the concomitant generation of chemiluminescence (λ= 420 nm) (44).
This property of the hemin/G-quadruplex was applied to develop luminescent
QDs-based DNA sensor based on the CRET mechanism (45), Figure 7(A).
The CdSe/ZnS QDs were functionalized with the hairpin nucleic acid, (16),
that includes in the single-stranded loop the recognition sequence of the target
analyte DNA, (17), and in the stem region, the G-quadruplex sequence in a
“caged” inactive configuration. Upon opening of the hairpin by the analyte the
G-sequence is released and it assembles into the catalytic hemin/G-quadruplex
nanostructure. The DNAzyme-catalyzed oxidation of luminol by H2O2 yields
chemiluminescence in the vicinity of the QDs and this provides the radiative
energy for the excitation of the QDs. That is, the CRET process activated by the
generation of the hemin/G-quadruplex DNAzyme results in the internal excitation
of the QDs and their luminescence as a result of the radiative recombination of
the electron/hole pair. The CRET efficiency was determined to be ca. 15%. As
the population of the open hairpins of (16), and the accompanying content of
hemin/G-quadruplex units relate to the concentration of the target DNA, (17),
the resulting CRET signal of the QDs is controlled by the concentration of
the DNA analyte, Figure 7(B). This method was extended for the multiplexed,
simultaneous analysis of three different target DNA, (17), (18) and (19). Three
different-sized QDs emitting at, λem = 620 nm; λem = 560 nm, and, λem = 490 nm,
were functionalized with the three different hairpins (16), (20) and (21). Each of
these hairpins included in the single-stranded loop region a different recognition
sequence for the analytes (17), (18) and ( 19), respectively, while the stem region
of all hairpin structures included the “caged”, inactive, G-quadruplex sequence.
In the presence of any of the analytes the respective hairpin was opened, and the
resulting hemin/G-quadruplex DNAzyme stimulated the CRET process to the
respective QDs, leading to the luminescence characteristic to the QDs to which
the probe hairpin was associated, Figure 7(C). The interaction of the mixture of
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the three different-sized QDs with all three analytes resulted in the activation of
the luminescence of all of the QDs, demonstrating the multiplexed analysis of the
analytes using the CRET signal as an internal local light source for the excitation
of the QDs.

Figure 7. (A) Analysis of a DNA strand, (17), using hairpin-functionalized QDs
that include in their stem region the “caged” G-quadruplex sequence. Opening
of the hairpin by the target DNA assembles the hemin/G-quadruplex catalyst
that leads to chemiluminescence resonance energy transfer (CRET) to the QDs
and to the activation of the luminescence of the QDs. (B) CRET luminescence
signals of the (16)-functionalized QDs upon analyzing variable concentrations
of (17) according to (A). (C) Multiplexed analysis of three different analytes
(17), (18) and (19) by different sized QDs functionalized each with appropriate
hairpin probes for analyzing the targets by the CRET mechanism. (D) CRET
signals upon the multiplexed analysis of (17), (18) and (19) by the different sized
QDs modified each with the appropriate hairpin, according to (C): (1) in the
absence of the analytes; (2) in the presence of (18); (3) in the presence of (19);
(4) in the presence of (17); (5) in the presence of all three analytes (17), (18)
and (19). Reproduced with permission from reference (45). Copyright (2011)

(American Chemical Society).
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Figure 8. (A) Amplified analysis of the target DNA, (23), using Exo III as
target-regeneration catalyst and quencher-functionalized particles as optical

labels. (B) Time-dependent luminescence changes of the QDs upon the amplified
analysis of (23), using Exo III as an amplifying catalyst, according to (A).

Spectra were recorded at time intervals of 10 minutes. (C) Multiplexed analysis
of two different DNA strands (23) and (25), using different-sized functionalized
QDs and Exo III as amplification biocatalyst. (D) Time-dependent luminescence
changes upon the multiplexed amplified analysis of the two DNA targets (23)
and (25) according to (C): (a) In the presence of the QDs mixture and upon

interaction with 1nM of (24), Spectra were recorded at time intervals of 10 min.
(b) In the presence of the QDs mixture and upon interaction with 1nM of (22).
Spectra were recorded at time intervals of 12 min. (c) In the presence of the QDs
mixture and upon interaction with 1nM of both targets (22), and (24). Spectra
were recorded at time intervals of 15 min. Reproduced with permission from

reference (46). Copyright (2011) (American Chemical Society).
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The amplification of biosensing events is one of the challenging goals in
bioanalytical science. An interesting approach to amplify the recognition events
at modified semiconductor surfaces and to develop amplified optical QDs-based
sensors (and multiplexed sensors) has included the application of Exonuclease
III, Exo III (46). This enzyme specifically stimulates the hydrolytic “digestion”
of the 3′-end of the nucleic acid strand being in a duplex structure with the
complementary strand. (It should be noted that Exo III does not affect the 3′-end
of single-stranded nucleic acids). Accordingly, the Exo III-amplified optical
detection of an analyte DNA by the semiconductor QDs is depicted in Figure
8(A). The QDs were functionalized with the nucleic acid (22) that is labeled at its
3′-end with a black-hole quencher unit, BHQ-2, and it includes the recognition
sequence for its hybridization with the analyte, (23). The luminescence of the
QDs is quenched by the black-hole-modified quencher units through a FRET
mechanism. The hybridization of the analyte DNA, (23), with the probe nucleic
acid, in the presence of Exo III, results in the hydrolytic digestion of the probe
nucleic acid, (22), leading to the release of the quencher units, and of the
analyte DNA. As a result, the released nucleic acid hybridizes with another
quencher-labeled probe strand associated with the QDs and this activates the
Exo III digestion of the resulting duplex. Thus, the interaction of the analyte
(23) with the (22)-functionalized QDs, in the presence of Exo III, leads to the
regeneration of the analyte, and to the release of many quencher units as a result
of one recognition event. The time-dependent increase in the luminescence of
the QDs upon the Exo III-catalyzed regeneration of the analyte (23) is shown in
Figure 8(B). The system enabled the analysis of (23) with a detection limit that
corresponded to 1 pM. The system was further implemented for the multiplexed
analysis of two different analytes, Figure 8(C). Two different sized QDs were
functionalized with two different quencher-functionalized nucleic acids, (22)
and (24), that act as probes for the analytes (23) and (25), respectively. Upon
treatment of the QDs mixture with the different analytes, in the presence of Exo
III, the luminescence of the QDs could be selectively activated by the analytes
and the concomitant activation of the luminescence of the two-sized QDs by a
mixture of the analytes was demonstrated, Figure 8(D).

Optical Biosensing with Metallic NPs

Metallic nanoparticles exhibit unique electrical, catalytic and optical
properties (47–50). The charge-transport properties of metallic NPs were
extensively used to electrically wire redox proteins with electrodes and to
develop amperometric biosensors and biofuel cell elements (51–57). Similarly,
electrocatalytic metallic NPs, e.g., Pt NPs were used as labels for the development
of amplified electrochemical sensors (58, 59). Isolated metal nanoparticles
exhibit distinct, size-controlled energy levels. Subjecting the NPs to an external
electric field of light induces a polarization of the conduction band electrons
associated with the NPs, creating surface plasmon oscillation. This surface
plasmon oscillation might lead to interparticle plasmonic coupling in a collective
ensemble of NPs. While isolated metal nanoparticles exhibit size-controlled
plasmon excitonic absorbance spectra, the coupling of plasmons in collective
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NPs assemblies lead to a red-shifted absorbance. The surface plasmonic
oscilation may also couple the surface plasmon waves associated with bulk
metallic surfaces, leading to the polarization of the surface waves. The unique
optical properties of nanometer-sized metallic NPs provide a broad spectrum of
exciting opportunities for bioanalytical and biomedical applications (60–63). For
example, the photoexcitation of Au NPs results in a localized heat source that
was implemented to kill cancer cells or to separate duplex structures of DNA
(64–72). Nonetheless, most exciting applications of plasmonic metallic NPs rest
on the possibility to control the spectral plasmonic features by the size and shape
of the NPs, to implement unique interparticle plasmonic coupling phenomena
and utilize plasmonic surface spectroscopy for sensing (73–79), such as surface
enhanced fluorescence (80) or surface enhanced Raman spectroscopy (81, 82),
and to use NPs-controlled Rayleigh scattering process to follow biorecognition
events on the NPs (83). These unique features of metallic nanoparticles will be
exemplified with several applications in the area of bioanalysis and nanomedicine.

Figure 9. (A) Schematic analysis of glucose through the glucose-oxidase-mediated
growth of Au NPs on glass supports. (B) Absorbance changes upon analyzing
different concentrations of glucose, according to (A): (a) 0 M; (b) 5 μM; (c) 20
μM; (d) 50 μM; (e) 110 μM; (f) 180 μM; (g) 300 μM. (C) Calibration curve
corresponding to the absorbance of the enlarged Au NPs upon analyzing

different concentrations of glucose through the growth of Au NP, according to
(A), for a fixed time-interval of 10 minutes. (D) Analysis of tyrosinase through
the enzyme-mediated oxidation of L-DOPA and the growth of Au nanoparticles.
(A) to (C) were reproduced with permission from reference (85). Copyright

(2005) (American Chemical Society). (D) was reproduced with permission from
reference (87). Copyright (2005) (American Chemical Society).
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Enzymes were found to act as effective catalysts for the growth of metal
NPs (84). For example, glucose oxidase, GOx, catalyzes the oxidation of
glucose by oxygen to yield gluconic acid and hydrogen peroxide (85). The
resulting hydrogen peroxide was found to act as reducing agent that mediated
the reduction of AuCl4- to Au NPs in the presence of Au NPs seeds as catalysts.
The enlargement of the Au NPs by the biocatalytic reaction could be followed
by the increase in the plasmon absorbance of the resulting Au NPs. Figure
9(A) depicts schematically the biocatalyzed GOx-mediated increase of Au NPs
associated with a glass support. The Au NPs catalytic seeds were linked to an
aminopropylsilylated glass surface, and the biocatalyzed oxidation of glucose
yields H2O2 that reduced AuCl4- to Au resulting in the enlargement of the
particles. The catalytic growth of the surface-confined Au NPs was then followed
spectroscopically, Figure 9(B). As the time-interval of the biocatalytic growth was
prolonged, the plasmon absorbance of the NPs was intensified. Aside from the
red-shift of the plasmon absorbance of the NPs that is consistent with the growth
of the NPs as the biocatalytic process was prolonged, a new absorbance band at
620 nm was observed at longer time-intervals of the biocatalytic enlargement of
the NPs. This phenomenon is visible to the naked eye with a color transition from
red to blue that is attributed to interparticle coupling of the localized plasmons
that is facilitated upon enlargement of the NPs on the surface, bringing the NPs
into close proximities. Since the growth of the Au NPs is controlled by the
concentration of H2O2, the enlargement of the NPs and the absorbance changes is
related to the concentration of glucose in the samples, Figure 9(C).

Other enzymes also reveal biocatalytic activities toward the growth of
metallic NPs. For example, the hydrolysis of p-aminophenol phosphate by
alkaline phosphatase yields the p-aminophenol product, a hydroquinone-type
reducing agent that was found to reduce Ag+-ions to Ag° on catalytic Au NPs
seeds (86). Similarly, tyrosinase, an enzyme over-expressed in melanoma cancer
cells oxidizes tyrosine-containing substrates to the L-DOPA derivatives. The
resulting L-DOPA (o-hydroquinone derivatives) reduces AuCl4– salts to form Au°
NPs, Figure 9(D). For example, L-tyrosine was hydroxylated by tyrosinase/O2
to form the L-DOPA component. The product reduced, then, AuCl4- to form
Au NPs (87). Also, 1,4-dihydronicotinamide adenine dinucleotide (phosphate),
NAD(P)H was found to act as a reducing agent for the synthesis of Au NPs, and
the process was used to analyze the substrates of NAD+-dependent enzymes (88,
89). For example, the NAD+-dependent enzyme lactate dehydrogenase mediates
the oxidation of lactate to pyruvate with the concomitant generation of the NADH
cofactor. The NADH cofactor reduces Au NPs seeds to Au NPs through the
NADH-stimulated reduction of AuCl4-, and then deposits Au on the NPs seeds.
The plasmon absorbance of the Au NPs provided, then, a physical readout signal
for the growth of the NPs and the content of NADH. As the concentration of
NADH upon the biocatalyzed oxidation of lactate, in the presence of NAD+/lactate
dehydrogenase, is controlled by the concentration of the substrate (lactate), the
plasmon absorbance of the resulting Au NPs related directly to the concentration
of the substrate (89).
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The aggregation of Au NPs results in the inter-particle electronic plasmon
coupling. This phenomenon is accompanied by depletion of the localized NPs
plasmon absorbance, and the formation of a red-shifted interparticle plasmonic
exciton absorbance (90, 91). This process is characterized by a red-to-blue
transition upon the aggregation of the NPs. Numerous sensing platforms were
developed based on the aggregation (or de-aggregation) of Au NPs and the
accompanying color changes as reporting signal for the sensing events (92–95).
As an example, NPs that were functionalized with two kinds of nucleic acids,
which were complementary to two segments of an analyte DNA, were hybridized
with the analyte DNA. This led to the aggregation of the NPs and to the formation
of a red-shifted interparticle plasmon absorbance of the nanoparticles aggregates
(96, 97).

Figure 10. (A) Analysis of Pb2+-ions through the Pb2+-dependent DNAzyme
cleavage of aggregated Au NPs, and the generation of separated single Au NPs.
(B) Absorption spectra corresponding to: (1) The DNA-crosslinked Au NPs
aggregate; (2) The separated single Au NPs after cleavage of the aggregate
by the Pb2+-dependent DNAzyme, [Pb2+] = 5 mM. (C) Calibration curve

corresponding to the spectral changes of the aggregated Au NPs (presented as
the ratio of monomer absorbance/aggregate absorbance) after cleavage of the
aggregate generated in the presence of different concentrations of Pb2+ ions.
Reproduced with permission from reference (101). Copyright (2007) (American

Chemical Society).
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Figure 11. (A) Amplified surface plasmon resonance (SPR) detection of
DNA using hairpin-functionalized nucleic acids assembled on Au surfaces
as target-capturing probes, and the formation of a hemin/G-quadruplex
label and the coupling between the localized plasmon of the Au NPs and
the surface plasmon wave as amplification path. (B) SPR detection of the
garget DNA by a hairpin probe linked directly to the Au surface that yields
the hemin/G-quadruplex, but lacks the amplifying Au NPs. (C) Sensogram

corresponding to the reflectance changes at θ =61.5°, observed upon analyzing
different concentrations of the target DNA according to (A). (D) Calibration
curves corresponding to: (a) The reflectance changes upon analyzing different
concentrations of the target DNA according to (A); (b) The reflectance changes
upon analyzing different concentrations of the target DNA according to (B).

Reproduced with permission from reference (40). Copyright (2011) (Wiley-VCH).

An alternative approach based on the de-aggregation of metallic NPs,
involved the use of nucleic acid-cleaving DNAzymes. DNAzymes exhibiting
nucleic acid cleavage activities, in the presence of added cofactors, have been
elicited and used for the specific scission of DNA sequences. For example, nucleic
acid sequences that specifically bind Pb2+, Mg2+, Cu2+ or UO2+ ions (98–101), or
histidine (102) were found to yield supramolecular structures that cleave specific
DNA sequences. Using these properties, pre-designed nucleic acid sequences
were tethered to the DNAzyme structures to yield functional units for the amplified
detection of the cofactors, or alternatively, for target DNA/RNA units. One
approach (103), included the use of the Pb2+-dependent RNA-cleaving DNAzyme
17E (26) as a biocatalyst that stimulated the de-aggregation of Au nanoparticles
through a cleavage process, thus providing a colorimetric sensor for Pb2+ ions,
Figure 10 (A). The nucleic acid (27) included the RNA cleavage site and the base
sequences that hybridize with the Pb2+-dependent DNAzyme 17E (26). To the 3′
and 5′ ends of the cleavable nucleic acid were tethered nucleic acid sequences
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complementary to the nucleic acid, (28)-functionalized Au nanoparticles. The Au
nanoparticles were then aggregated by the bridging cleavable nucleic acid (27),
while the DNAzyme was hybridized with the single-stranded domain of (27).
Bridging of the Au nanoparticles by the nucleic acid (27) resulted in the formation
of an Au nanoparticles aggregate, reflected by the blue color (λ = 700 nm) of
the system as a result of an interparticle coupled plasmon. Addition of Pb2+
activated the DNAzyme, resulting in the scission of (27) at the RNA nucleobase.
This resulted in the separation of the cleaved units from the Au nanoparticles,
leading to the de-aggregation of the particles that exhibited the red color (λ =522
nm) characteristic to the individual Au nanoparticles, Figure 10(B). The extent
of de-aggregation of the gold nanoparticles and thus the color changes of the
system, were controlled by the concentration of Pb2+ ions. The system enabled
the detection of Pb2+ with a sensitivity that corresponded to 5×10-7 M.

Figure 12. (A) Scehmatic NADH-mediated deposition of Cu on Au NPs and
the application of the process for monitoring the alcohol dehydrogenase
(AlcDH)-catalyzed oxidation of ethanol. (B) The PRRS spectra of Au@Cu

core-shell nanoparticles upon interaction with different concentrations of NADH
for a fixed time interval of 2 hours: (1) 25 nM; (2) 50 nM; (3) 75 nM; (4) 100 nM.
(C) The derived calibration curve corresponding to the shift of the PRRS spectra
at different concentration of NADH for a single Au NP. (D) The PRRS spectra of
a single Au NP upon interaction with different concentrations of ethanol for a
fixed time interval of 30 minutes, in the presence of NAD+, AlcDH and CuCl2. (E)
The derived calibration curve corresponding to the shift in the PRRS spectra of a
single Au NP at different concentrations of ethanol. Reproduced with permission

from reference (114). Copyright (2011) (Wiley-VCH).
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Surface plasmon resonance (SPR) provides a versatile technique to monitor
dielectric changes occurring at thin metal surfaces, e.g., Au or Ag, that exhibit a
surface plasmonic wave (62, 63). This method was extensively used to follow
biorecognition events on metal surfaces such as the formation of antigen-antibody
complexes (104, 105), receptor-substrate binding interactions and more (59, 106,
107). Amplification of SPR sensing events was demonstrated by labeling of the
biorecognition complexes with high-molecular-weight labels such as liposomes
(108) or latex particles (109) that introduce substantial changes in the dielectric
properties at the sensing interface. These labels were used to amplify DNA
recognition events. An important method to amplify SPR sensing methods
included the coupling of the localized plasmon of metallic NPs, e.g., Au or Ag
with the surface plasmon wave. It was found that this coupling phenomenon
leads to substantial shifts in the surface plasmon resonance spectrum (63), and,
thus, minute changes in the dielectric properties of the sensing interface, as a
result of the sensing events, may be recognized by the SPR shifts. Indeed, Au
NPs labeled with nucleic acids were used to amplify DNA detection on Au
surfaces using a “sandwich assay” (106). The amplified SPR detection of DNA
using the combined application of Au NPs and hemin as a dielectric modifier
probe is presented in Figure 11(A) (40). A Au coated glass slide was modified
with Au NPs (13 nm), and the metallic NPs were functionalized with the hairpin
nucleic acid nanostructures (29). The hairpin structure included in its loop region
the recognition sequence for the target DNA and in its “stem” region a domain
corresponding to a part of a G-quadruplex forming sequence. The stability of the
duplex stem region prohibits the formation of the G-quadruplex. In the presence
of the analyte DNA that hybridizes with the loop, the hairpin structure is opened
resulting in the “uncaging” of the G-quadruplex sequence and its self-assembly
to the G-quadruplex. The hemin binds effectively to the G-quadruplex and this
result in a substantial change in the dielectric properties of the interface. The
dielectric changes of the surface upon analyzing the target DNA, (30) are then
probed by SPR and amplified by the electronic coupling between the Au NPs
linked to the Au surface. The amplified SPR detection of DNA was further
confirmed by comparing the analytical performance of the Au NPs system to the
analogous hairpin configuration on a flat Au surface that lacks the amplifying
Au NPs, Figure 11(B). The sensogram corresponding to the reflectance changes
of the system, at a constant angle upon the sensing of different concentrations
of the target DNA are displayed in Figure 11(C). Control experiments showed
that in the absence of hemin, or a nucleic acid probe that does not form the
hemin/G-quadruplex, these reflectance changes are not observed. These results
imply that formation of the hemin/G-quadruplexes is, indeed, essential to amplify
the sensing of (30). Figure 11(D), curve (a), shows the derived calibration curve
for analyzing (30) by the Au NPs composite. The detection limit for sensing (30)
corresponded to 1 fM. For comparison, the calibration curve corresponding to the
analysis of (30) on the flat Au surface is displayed in Figure 11(D), curve (b). The
detection limit for the SPR analysis of (30) by the flat (29)-functionalized surface,
that lacked the NPs, corresponded to 1 pM. A control experiment where Pt NPs
substituted the Au NPs on the Au surface confirmed that enhanced sensitivity in
the Au NPs system did not originate from a higher surface density of the hairpin
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probes, (29), on the sensing surface. The surface coverage of (30) on the Au NPs
and Pt NPs was almost identical yet the sensitivity of detection of (30) by the
(29)-modified Pt NPs linked to the Au support was very similar to the sensitivity
for analyzing (30) on the flat Au surface, lacking the Au NPs. This result was
attributed to the fact that the Pt NPs lack a localized plasmon exciton that couples
to the surface plasmon wave, and hence, the amplification mechanism for sensing
of (30) is prohibited. Accordingly, the impressive sensitivity observed for the
analysis of (30) by the (29)-functionalized Au NPs associated with the Au surface
was attributed to the amplification of the dielectric change, generated by the
resulting hemin/G-quadruplexes through the electronic coupling between the local
plasmonic excitons associated with the NPs and the surface plasmon wave. The
system revealed selectivity, and one-, two-, or three base mutations in the target
DNA (30) were easily discriminated. Furthermore, the amplification principle
was further extended to develop aptamer-substrate sensor systems or ion-sensing
(Hg2+) sensing platform by designing and immobilizing hairpin nanostructures
on the Au NPs that are being opened by the aptamer substrate or Hg2+ ions and
self-assemble the respective hemin/G-quadruplexes labels (40).

A further plasmonic effect that was implemented for sensing, and for
monitoring intracellular metabolic processes involved plasmon resonance
Rayleigh scattering spectroscopy (PRRS) of single metallic NPs using dark-field
microscopy (DFM). Recent studies have implemented DFM to characterize
the size, shape, composition, and chemical environments of plasmonic NPs
(110–113). The PRRS method was specifically applied for developing sensing
platforms and to probe intracellular transformations at the single NP level (114).
The 1,4-dihydronicotinamide adenine dinucleotide cofactor (NADH) was found
to catalyze the reduction of Cu2+ ions on Au NPs to yield Au/Cu core-shell
composites. The PRRS spectra of the resulting core-shell particles are dominated
by the sizes and dielectric properties of the composite. Figure 12(A) shows the
schematic NADH-mediated deposition of Cu on Au NPs and the application
of the process for monitoring the alcohol dehydrogenase (AlcDH)-catalyzed
oxidation of ethanol and for the sensing of ethanol. The PRRS spectra of the
core-shell Cu/Au nanoparticles generated by different concentrations of NADH,
and growth of the particles after a fixed time-interval of 2 hours are shown in
Figure 12(B), together with the respective calibration curve, Figure 12(C). As
the growth of the core-shell Au/Cu NPs is prolonged, the PRRS spectra are
red-shifted, and the peak-scattering peak shifted by ca. Δλmax = 100 nm (from
590 nm of the Au NPs to 700 nm). As the red-shift scattering peak revealed linear
correlation with the concentration of NADH the system could be used to follow
biocatalytic transformations that include NAD+-dependent enzymes, and to sense
quantitatively their substrates. This is exemplified in Figure 12(D) with the
analysis of ethanol in the presence of NAD+ and alcohol dehydrogenase, AlcDH.
The biocatalyzed oxidation of ethanol leads to the formation of NADH that
reduces Cu2+ ions to the Cu-coated Au NPs. The resulting red-shift of the PRRS
spectra are then controlled by the concentration of NADH that is directly related
to the concentration of ethanol. Figure 12(D) shows the red-shifted PRRS spectra
of a single Au NP interacted with a NADH-generating solution consisting of
NAD+/AlcDH/Cu and variable concentrations of ethanol for a fixed time-interval
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of 30 minutes. As the concentration of ethanol increases a higher red-shift Δλmax
in the PRRS spectrum peak is observed, consistent with the formation of higher
concentration of NADH in the reaction medium and enhanced deposition of the
Cu shell on the Au NPs core. Figure 12(E) depicts the resulting calibration curve
demonstrating the analysis of ethanol at a single NPs level.

Figure 13. (A) A DFM image of a HeLa cell containing AuNPs after incubation
with CuCl2, in the absence of taxol. A-1 to A-4: the scattering spectra of

different Au@Cu core-shell NPs in a living HeLa cell. (B) A DFM image of a
HeLa cell containing AuNPs that was pre-treated with Taxol, (10 μM), and then
with CuCl2. B-1 to B-4: the scattering spectra of different AuNPs in a living
HeLa cell. Reproduced with permission from reference (114). Copyright (2011)

(Wiley-VCH).
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The successful detection of the NADH cofactor through the NADH mediated
reduction of Cu2+ on Au NPs and the probing of the formation of the Au/Cu
core-shell particles by means of PRRS spectroscopy was adapted to follow
intracellular metabolic pathways. This method was further used to identify the
known inhibiting activity of the anti-cancer drug Taxol, (6), on the metabolism of
cancer cells, as a general approach for drug-screening. The NADH cofactor is a
key intracellular ingredient formed in the cell metabolic pathway. Accordingly, the
Au NPs were incorporated into HeLa cancer cells and the cells were characterized
by bright-field microscopy and dark-field microscopy upon incubation in buffer
solution that included CuCl2. While the cell-incorporated Au NPs revealed at t =
0 a characteristic PRRS peak at ~590, after three hours of reaction in the presence
of the Cu2+, the PRRS spectra of individual Au NPs shifted to 660-680 nm, Figure
13(A), consistent with the formation of the Au/Cu core-shell NPs in the cells as
a result of cell metabolism. In turn, it is well established that the treatment of
HeLa cancer cells with Taxol inhibits the cell metabolism. This phenomenon was
confirmed by the incorporation of the Au NPs into the Taxol pre-treated HeLa
cells and their subsequent interaction with Cu2+ ions, Figure 13(B). The inhibition
in the cell metabolism retards the formation of the NADH cofactor, leading to
the inefficient reduction of the Cu2+ ions on the Au NPs. Accordingly, the PRRS
spectra of the individual Au NPs are almost unchanged and their peak scattering
bands appear in the region 560-600 nm characteristic to the base NPs. These
results indicate that the PRRS spectra of single Au NPs provide an effective tool
to probe the intracellular metabolism, and the method holds great promise in
nano-medicine as a drug-screening tool.

Conclusions and Perspectives

Substantial progress has been demonstrated in the past decade in the
implementation of semiconductor QDs and metallic NPs for bioanalytical
application. Semiconductor QDs have been successfully used to follow enzyme
activities, gene analysis, antigen-antibody complexes, and aptamer-substrate
complexes. Different photophysical mechanisms have been used in these
analytical platforms including the fluorescence resonance energy transfer
(FRET), electron transfer quenching, and chemiluminescence resonance energy
transfer (CRET) processes. Besides the unique photophysical properties of
semiconductor QDs (high luminescence quantum yield, photostability, large
Stoke’s shifts and narrow luminescence band) the size-controlled luminescence
features of semiconductor QDs, turn the QDs as ideal optical materials for
developing multiplexed analysis assays. In this context, the recently reported
chemiluminescence resonance energy transfer (CRET), - based multiplexed
luminescence analysis of different DNAs (45), hold great promise as it
demonstrates the optical analysis of genes without external irradiation. A serious
limitation in using the QDs as labels for bioanalytical applications, specifically
for medical applications, is, however, the limited sensitivity of the QDs-based
systems. This is particularly important for the ultrasensitive detection of DNA
biomarkers, using nucleic acid-functionalized QDs, or peptide/protein biomarkers
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using aptamer-modified QDs, due to the low concentrations of the biomarkers
in biological fluids. The development of amplified detection schemes with
semiconductor QDs is at its infancy. Impressive improvement of the QDs-based
detection of DNA or aptamer substrate complexes was recently demonstrated by
coupling an enzyme (exonuclease III) as a biocatalyst for the regeneration of the
analyte. In fact, the amplified detection of DNA, aptamer-protein complexes, and
ions using enzymes (115, 116), and particularly DNAzymes (39, 117, 118), was
significantly advanced in the recent years. The conjugation of such biocatalytic
cycles to semiconductor QDs holds great promise for the future application of
the QDs for the multiplexed, ultrasensitive, detection of biomarkers of clinical
diagnostics significance.

While the development of generic QD-based sensing platform is quite-well
established, the practical implementation of the systems in nano-medicine is
scarce. The possibilities to detect biocatalytic biomarkers for certain diseases
such as telomerase or tyrosinase for cancer cells and the detection of casein
kinase as a marker for cancer cells or the Alzheimer’s disease were demonstrated,
but the practical utilization of these systems beyond the basic scientific level
needs to be established. In this context, the future development of QDs-based
aptasensor for biomarkers holds great promise. The protocols for eliciting
aptamers against peptides/proteins are well established. Similarly, amplified
QDs-based aptasensors were developed, and thus, the combination of new
aptamers and QDs sensing platforms provides promising, yet challenging, means
for the multiplexed analysis of biomarkers. Most of the systems discussed in the
present chapter have implemented “clean” analytical enviroments. Naturally, the
application of "real" biological samples, such as blood or urine, is anticipated
to reveal non-specific adsorption phenomena and perturbance of the analytical
platforms. Numerous studies have addressed means to minimize non-specific
binding events (119–125). Thus, presumably, the further modification of the
capping layers of the QDs will be required to adapt the systems for sensing real
biological samples. Furtheremore, the cytotoxicity of the QDs-based nanosensors
needs to be addressed in any future in vivo applications. This subject raised some
controversy reports (126–129), and remains a challenge for future research.

The application of metallic NPs for bioanalytical applications was
significantly advanced in the past fifteen years. Different analytes, particularly
genes, proteins and toxic metal ions were analyzed by the analyte-induced
aggregation/deaggregation of metallic NPs and the accompanying spectral
changes. Several commercial enterprises are making efforts to bring these
scientific developments into clinical, analytical practice. Similarly, the impressive
sensitivities demonstrated with surface plasmon resonance (SPR) sensors upon
the labeling of the recognition events with Au nanoparticles represent a major
advance in analytical science that merits further developments. The amplified
surface plasmon resonance detection of bio-analytes through the coupling between
the localized plasmon of metallic nanoparticles (Au, Ag) and the surface plasmon
wave represents a fundamental paradigm for ultrasensitive detection. In fact,
amplified sensing through metal NPs plasmonic effects is a rapidly progressing
area, and different optical methods such as surface enhanced resonance Raman
spectroscopy (SERS), surface enhanced fluorescence spectroscopy (SEFS) and
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plasmon resonance Rayleigh scattering spectroscopy (PRRS) are anticipated
to find important application in the development of bioanalytical assays for
biomarkers.

While ingenious in vitro bioanalytical assays using semiconductor QDs or
metallic NPs were developed, the use of the QDs and NPs for probing intracellular
processes, and particularly, for in vivo sensing is at its infancy. Numerous studies
demonstrated the incorporation of semiconductor QDs or metallic NPs into cells
and biological tissues, and the application of these nanomaterials for imaging the
cells/tissues. Albeit these studies revealed methodologies to guide the nanoscale
materials into cells/tissues and to microscopically monitor the nanostructures, the
real scientific challenges are ahead of us. The implementation of semiconductor
QDs and metallic NPs for probing metabolic pathways, and to follow intracellular
signal transduction mechanisms, are important scientific goals. Specifically,
the use of functional QDs or NPs for the in vivo detection of biomarkers will
attract substantial future research efforts. In this context, the demonstration that
functionalized semiconductor QDs follow intracellular metabolism in cancer cell
and may be used to probe anti-cancer drugs indicate the future possibilities of
these systems for drug screening. Also, the successful time-dependent detection of
intracellular metabolism by following the intracellular growth of core-shell metal
nanoparticles using dark-field microscopy suggests that dynamic intracellular
reactions may be followed at the single particle level.
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Chapter 2

Functionalisation, Characterization,
and Application of Metal

Nanoparticles for Bioanalysis

I. A. Larmour, K. Faulds, and D. Graham*

Centre for Molecular Nanometrology, Pure and Applied Chemistry,
University of Strathclyde, 295 Cathedral Street, Glasgow, G1 1XL, U.K.

*E-mail: duncan.graham@strath.ac.uk

The explosion of nanotechnology research has led to significant
advances in many fields. In this chapter we investigate the use
of metallic nanoparticles in bioanalysis applications focussing
specifically on their functionalisation and characterization.
These funcationalized nanoparticles can find use with a wide
range of analytical techniques however we will focus primarily
on their use in surface plasmon resonance and surface enhanced
Raman spectroscopy (SERS) applications.

Introduction

Nanometer sized entities have been around since the beginning of time but
as is often the case it takes a label before a field is born and widespread interest
is taken by the scientific community. You may imagine that “nanotechnology”
was born upon Feynman giving his historic speech “There’s plenty of room at
the bottom” but this merely pointed out the potential of the very small, it did not
contain the word nanotechnology (1). The first use of that particular word was
by Taniguchi at a conference in 1974 (2). Finally the field had a name and an
explosion of research was observed under the banner of “nanotechnology”.

The prefix “nano” has been applied to almost every imaginable research
field and the general population is becoming increasingly comfortable with
its existence, even to the point that “nanoscience” can now be used to market
products. Nanotechnology is starting to deliver benefits in many fields and
this chapter focuses on those benefits that metallic nanoparticles can yield in
bioanalysis.

© 2012 American Chemical Society
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Nanoparticles can be made from a myriad of different materials and come
in all shapes and sizes (3, 4). When materials are confined to nanometer
scaled structures their properties can change significantly. For example gold
nanoparticles possess surface plasmon resonances (SPR) in the visible region
of the electromagnetic spectrum due to the oscillation of conduction electrons
(5). The wavelength at which the plasmon appears is dependent on the size of
the nanoparticle which red-shifts as the nanoparticle size increases, as shown in
Figure 1 (6, 7). These collective electron oscillations can be tuned and shaped
by careful preparation of the nanostructure (8) and used in a variety of analytical
applications (9) including surface enhanced Raman spectroscopy (SERS) (10).

Figure 1. UV-Vis absorbance profiles of different sized spherical gold
nanoparticles, the numbers against each trace relate to the diameter of the
nanoparticles in nanometers. (Adapted with permission from reference (7).

Copyright 1998 Academic Press.)

It is clearly necessary to narrow down the “nano” area of research related
material for this chapter. Therefore, we have chosen to focus on metallic
nanoparticles that are suitable for use in SERS applications and to a lesser extent
SPR applications. Although SERS has been demonstrated for a wide variety of
metals (11) the vast majority of research is based on silver and gold nanoparticles,
which are also suitable for SPR applications due to their absorbance at visible
wavelengths.

Metallic nanoparticles are most commonly prepared by the reduction of
metal salts by reducing agents (12) such as; sodium borohydride (13, 14),
tri-sodium citrate (15), hydroxylamine (16) and ethylenediaminetetraacetic acid
(17). Introduction of either suitable capping agents (18–20) or illumination by
narrow wavelength light (21–24) during the synthesis can direct nanoparticle
growth producing rods, wires or even plates. Once prepared, these nanoparticles
can be immediately used for the detection of biomolecules by SERS.
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Biomolecule Detection Using As Prepared Nanoparticles
Intrinsic Detection

Direct, intrinsic detection of biomolecules by SERS is possible. For this
the biomolecule of interest is adsorbed onto the surface of the nanoparticles
and an aggregating agent added. Simple inorganic salts, i.e. NaCl, can be used
to aggregate the nanoparticles before laser illumination and detection of the
SERS signal. Aggregation leads to the plasmons on the individual nanoparticles
coupling together to create “hot spots”, which are areas of intense electromagnetic
field that significantly increases the observed signal (25–28). Proteins (29),
nucleotides (30, 31) and enzymes (32, 33) have all been intrinsically detected
using nanoparticles. Although intrinsic detection of pure biomolecule solutions
is possible it becomes a significant challenge to detect a specific biomolecule in
a complex solution such as serum, whole blood or even in vivo. This is due to
the abundance of other biomolecules that compete to bind to the surface, often
to the detriment of the biomolecule of interest. In addition to the surface binding
competition, biomolecule adsorption to a metallic surface can disrupt the natural
configuration of the biomolecule thus destroying its bioactivity (34). Therefore
an alternative detection approach is desirable.

Extrinsic Detection

In this approach the biomolecule can be labeled with a dye molecule that
produces a strong Raman signal. These dyes tend to be large aromatic molecules
that carry a positive charge which is electrostatically attracted to the negatively
charged nanoparticles. In this way dye labeled DNA, which is negatively charged
due to the phosphates, can be detected by mixing with silver or gold colloid
(35–37). Unfortunately this requires the labeling of the biomolecule of interest
before SERS detection which is impractical in many experimental situations (38).

Alternatively, biomolecules can be detected due to their action on a
chemical substrate which is then detected by SERS. An example of this is the
detection of peroxidase enzymes which turnover the weak Raman scatterer
o-phenylenediamine into azoaniline which produces an intense Raman response
(39). Other enzymes can be detected when unique substrates are prepared. These
substrates consist of a Raman active dye which is normally surface seeking but
which has been masked by the attachment to the dye of a molecule that can act as
a substrate for specific enzymes. Importantly the link between enzyme substrate
and dye is cleaveable, i.e. when the enzyme acts on the substrate part, the dye is
released (40, 41). The dye is then free to attach to the metallic nanoparticles and
produce a SERS signal. This signal generation can be monitored over time and
the kinetics of individual (42, 43) and multiple enzymes obtained simultaneously
(44). Although this approach of releasing SERS active dyes works extremely
well for enzymes it will not work for all classes of biomolecules.

It is clear from the discussion so far that nanoparticles in their native form
can be used to detect biomolecules in specific, well controlled, circumstances.
However, this approach is severely limited and is not the universal nor easily
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applicable method that would be suitable for routine bioanalysis. Therefore the
nanoparticles must be funcationalized to create a system that does meet these
requirements.

Biomolecule Detection Using Functionalized Nanoparticles

What is required to detect biomolecules using nanoparticles? Such a simple
question but as with everything in science the answer is much more complicated
and starts with “it depends”. Ultimately a unique signal must be detected, in the
case of SPR the nanoparticles themselves produce an absorbance profile which is
dependent on the size and aggregation state of the particles. However, in SERS we
need to introduce a specific reporter molecule, much like those that were unmasked
by the action of an enzyme.

It should be possible to detect biomolecules in a wide range of situations
including buffers, serum, whole blood, cells and tissues. In all these situations
high salt concentrations exist and this can lead to the undesired and irreversible
aggregation of the nanoparticles. Therefore some form of stabilization of the
native nanoparticles will be required. Thus stable nanoparticles with unique
signatures, which are dependent on the incorporated reporter molecule, have been
developed (45, 46). These are often referred to as nanotags.

However, these nanotags are not capable of biomolecule detection, although
they can be injected in vivo and monitored (47). For true biomolecule detection
they need to be functionalized with a biorecognition site, e.g. antibodies (48).
Biofunctionalized nanotags can then be considered as active sensors for specific
biomolecules.

Nanoparticles must therefore be functionalized in such a way that they contain
the three necessary constituents; reporter, stabilizer and biorecognition site. The
remainder of this chapter is focused on how nanoparticles are functionalized to
include these three constituents and more importantly how we can characterize the
prepared substrates to ensure they have been successfully functionalized. Finally
we present several examples of the use of these functionalized nanoparticles in
biomolecular detection.

Functionalization

Reporter Molecules

The first functionalization that must be incorporated onto the nanoparticle is
a molecule that can act as a reporter. This molecule must have a large Raman
cross-section and as such will produce an intense Raman/SERS spectrum. A huge
library of dyes has been developed for fluorescence applications and many of these
can be utilized in a SERS application. This is due to the well known quenching
effect of metallic nanoparticles (8) which removes the broad fluorescence signal
and leaves the sharp Raman peaks visible as demonstrated in Figure 2 (49).
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Figure 2. Fluorescence and SERRS of IR-792 dye showing the broad and narrow
signals respectively. The SERRS spectrum was recorded using 785 nm laser
excitation. (Reproduced with permission from reference (49). Copyright 2009

Wiley-VCH.)

Nanotags with various different fluorescent and non-fluorescent dye
molecules have been demonstrated, some of their chemical structures are shown
in Figure 3 (49–51). These molecules tend to interact with the surface through
electrostatic interactions, however for improved stability it would be beneficial if
they were attached via covalent bonds. This approach minimizes desorption and
orientational fluctuations of the reporter molecule (52).

Covalent attachment can be achieved by using thiol terminated small
molecules or by designing unique surface complexing dye molecules. These
unique molecules have been based around a benzotriazole moiety which provides
the surface complexing functionality. Formation of an azo with concomitant
control of substituents produces a library of molecules with intense and unique
SERS spectra, some of which are shown in Figure 4 (53).

Stabilization

To protect the reporter molecules and the nanoparticles from the harsh
biological environment they may be introduced to, it is necessary to provide
them with some armor. This can be a layer of molecules which attach to the
nanoparticle surface and provide a densely packed structure which prevents other
species from reaching the nanoparticle surface. There are two main types of
species that can be used for this protective role; polyethylene glycols (PEG) and
silica.
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Figure 3. Structures of common dye molecules used in nanotags.

Figure 4. Three different benzotriazole monoazo dyes which differ in their
substituents and thus produce distinct SERS spectra. (Adapted with permission

from reference (53). Copyright 2002 Royal Society of Chemistry.)

In the case of polyethylene glycols, these tend to be attached via thiol
functionality (54, 55) and can be compared to thiol terminated alkane
self-assembled monolayers (SAMs), which can themselves be used to control
the functionality of the nanoparticles (56). Interestingly, a substantially longer
PEG will not result in a significantly thicker surface coating than a short PEG

38

D
ow

nl
oa

de
d 

by
 U

N
IV

 D
E

 S
H

E
R

B
R

O
O

K
E

 o
n 

N
ov

em
be

r 
27

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

26
, 2

01
2 

| d
oi

: 1
0.

10
21

/b
k-

20
12

-1
11

2.
ch

00
2

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



due to its twisted structure. This clearly has benefits for improved stability due
to the denser coating that it provides (56). The use of thiol PEGs also allows the
nanoparticle to be functionalized with a reporter molecule before addition of the
PEG. This wraps the nanoparticle without complete loss of the reporter molecule
ensuring a SERS signal can still be obtained (57).

Silica can also be grown around the nanoparticle to produce a shell which
isolates the core and exterior chemistries (58). Importantly the silica is optically
transparent which is a significant bonus when recording optical signals. Generally
a silica shell is grown by first activating the surface of the nanoparticle with (3-
aminopropyl)trimethoxysilane (APTMS) which provides siloxy groups ready for
silicate ion addition. Sodium silicate is then introduced to form an initial shell
before ethanol is added to promote the controlled precipitation of silica and thus
grow the shell (59).

Although PEGs and silica are the main routes for the stabilization of
nanoparticles, other methods such as polymer encapsulation can also be carried
out where layer-by-layer assembly is utilized (19, 60). These coatings not only
protect the nanoparticle from attack, but also prevent the reporter molecule from
desorbing which would lead to a loss of the SERS signal. They also minimize
non-specific binding of proteins and prevent uncontrollable aggregation in the
biological environment (61).

Biofunctionalization

In bioanalysis it is best to use a secondary biomolecule that will specifically
target the primary biomolecule of interest. This requires the attachment of the
secondary sensing biomolecule to the nanoparticle. It is important to note that the
attached biomolecule is not itself being detected but is a tool to target the molecule
of interest.

Some biomolecules will naturally bind to the surface ofmetallic nanoparticles,
e.g. cytochrome c will bind through the lysine-rich heme pocket (62) while
single stranded DNA (ssDNA) adsorption has recently been shown to be a
result of hydrophobic effects (63). Although this approach can biofunctionalize
nanoparticles the adsorbed molecule can be susceptible to dissociation and
therefore covalent linkages should be favored. In the case of ssDNA, this is
achieved by the extensive use of thiol modified DNA strands (64–67). Thiol
modification of lactose can also be achieved by reaction with a heterobifunctional
PEG containing thiol and acetal groups (68).

However, a single thiol-Ag/Au bond can dissociate and therefore
developments have been made to increase the number of anchoring points used
to attach the biomolecule. In the case of thiols, thioctic acid (69) and trithiol
anchoring groups (70) have been prepared. An increasing number of surface
anchoring points increases the stability of the system, particularly with respect
to temperature, without affecting the subsequent hybridization properties of the
DNA (69, 70). Increasing the number of anchoring points is a universal approach
and multiple thiol functionalities have been added to carbohydrate (71) and biotin
ligands (72).
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Thioctic acid has also been used to produce nitrilotriacetic acid
(NTA) coated nanoparticles. These were prepared by using 1-ethyl-3-[3’-
(dimethylamino)propyl]carbodiimide (EDC)/N-hydroxysuccinimide (NHS)
chemistry to couple an amino-nitrilotriacetic-Co(II) complex to thioctic acid.
This allows any His tagged protein to bind to the nanoparticle (73). If acetylene
functionality is present on the surface of the nanoparticle then “click” chemistry
can be used. In this instance copper-catalyzed alkyne-azide coupling can be used
to functionalize the surface with biomolecules such as folate and biotin (74).

Assembly of the Nanoparticle Biosensor

So far we have considered the functionalisation of nanoparticles with
each component separately; reporter, stabilizer and biomolecular recognition.
However, all these individual parts will compete for space on the nanoparticle
surface. Unfortunately this means that the maximum signal that can be generated
from the reporter molecules will be less than ideal, as the surface coverage will
not be at the maximum. In an ideal situation, one molecule would incorporate
all three components; a surface complexing unit (for nanoparticle attachment), a
dye to act as a reporter, a polymer sequence to impart stability to the nanotag and
terminal functionality to allow the attachment of biomolecules.

The ability of benzotriazoles to act as a reporter molecule and surface
complexing group has already been mentioned. Unfortunately, the first set of
benzotriazoles that were developed (53), while being excellent SERS standards,
could not be used for further functionalisation due to an insufficient level of
nucleophilicity which prevented them from reacting further with common
electrophiles. Therefore a range of benzotriazoles with a nucleophilic amine group
were prepared; some of which are shown in Figure 5. These dyes retained the
high level of unique SERS fingerprints but allowed for subsequent biomolecule
conjugation (75).

Figure 5. Benzotriazole dyes with a reactive nucleophilic amine suitable for
further conjugation and their respective SERS spectra. (Adapted with permission

from reference (75). Copyright 2004 Royal Society of Chemistry.)
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Alternatively, McKenzie et al. utilized a lysine core to prepare their
trifunctional ligands (76). The two amines were functionalized with Boc and
Fmoc respectively, which allowed the controlled addition of a PEG onto the
carboxylic acid group, a reporter molecule onto the Fmoc protected amine
and thioctic acid onto the Boc protected amine using adapted peptide coupling
chemistry (76). Meanwhile, a carboxylic acid terminated PEG was incorporated
into a trifunctional ligand by Wrzesien and Graham. They found that use of
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT
MM) allowed the bioconjugation reaction to occur in water andwas an inexpensive
and more efficient alternative to the more common EDC/NHS coupling chemistry
(77). Meanwhile Schlücker et al. have used self-assembled monolayers of
small aromatic thiols as the building blocks for their nanotags based around
thiobis(2-nitrobenzoic acid) (78). The small molecules acted as efficient Raman
reporters and were functionalized with different lengths of PEG molecules, where
the longer PEG spacers were used for subsequent bioconjugation producing
erinaceous nanoparticles.

For the stabilization of nanoparticles, PEG is a convenient molecule to
incorporate into multi-functional ligands as it is capable of decreasing non-specific
binding of biological molecules (79, 80). However other options are available
such as synthetic copolymers of styrene and maleic anhydride which are
functionalized with a surface seeking reporter molecule such as a benzotriazole
(81). In this case, the reporter molecule produces a hydrophobic side chain of the
polymer, while the carboxylic acid groups produce a hydrophilic side chain as
well as sites for further functionalisation, Figure 6. The functionalized polymer
can therefore wrap the nanoparticles with many anchoring points since there are
multiple benzotriazole molecules on each polymeric strand (81).

Figure 6. Schematic of a polymer dye. Oxygen atoms are highlighted in red and
nitrogen atoms in the bonding group are in blue. Chemical structures of the
two copolymers; styrene and functionalized maleic anhydride are shown on the
right. (Adapted with permission from reference (81). Copyright 2008 Royal

Society of Chemistry.)

Benzotriazole molecules have also been modified to be suitable as precursors
for silica growth by removing the need for APTMS to be co-mixed with the
reporter molecule on the nanoparticle surface (82). This is in contrast to Schlücker
et al. who developed a similar approach using modified mercaptobenzoic acid
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derivatives functionalized with silica precursors for the same result (83). The
mercaptobenzoic acid derivatives formed a self-assembled monolayer on the
nanoparticle surface and acted as small molecule Raman reporters and the
grown silica shell was terminated with amino groups ready for reaction with
a bifunctional PEG spacer that had a biomolecule at the other end, therefore
creating erinaceous nanoparticles (84).

Clearly incorporation of all the required functionality into one molecule
maximizes the expression of all constituents. An increase in SERS signal cannot
be generated beyond monolayer coverage, therefore complete coverage of a
nanoparticle by a stabilizing polymer ensures there are no gaps for other molecules
to attack the core while also minimizing non-specific binding. A complete
shell also produces an exterior chemistry rich in functional groups primed for
bioconjugation, maximizing the efficiency and success of the coupling reactions.
Although the functionalisation of the nanoparticles by the required species has
already been discussed, how can we characterize the nanoparticle to ensure the
functionalisation process has been successful? In the next section we explore the
techniques that are used to confirm the functionalisation of the nanoparticles.

Characterization

There are many techniques which can be used to study the functionalisation
of nanoparticles but perhaps the easiest methods make use of the surface plasmon
resonance of the nanoparticles themselves. If nanoparticles are coated with
biomolecules, PEG or anything other than the surface chemistry resulting from
their synthesis, their optical and physical properties will change. Upon addition
of a surface species the SPR absorbance band can shift due to the change in
refractive index immediately surrounding the nanoparticle. Alternatively, and
easier to observe, is the increased stability after functionalisation with respect
to aggregating agents. Simple salts (85) or organothiols (69, 86) can be used
to induce aggregation of the nanoparticles which is observed as a red-shift
of the absorbance profile. If substantial aggregation occurs then the change
can be seen by eye, gold nanoparticles change from red to blue while silver
nanoparticles change from yellow to brown. Complete flocculation of the
nanoparticles is also possible leaving a colorless solution behind. Use of UV-Vis
absorbance spectroscopy is a comparative technique since aggregation can be
induced for almost all functionalized nanoparticles irrespective of the presence of
stabilizing coatings. Therefore, the observation of an increased time of stability,
before the onset of aggregation, indicates that the surface has been successfully
functionalized.

If nanoparticles have been functionalized with different DNA strands they can
be coupled together with a complementary strand. In this case aggregation should
not occur when a non-target sequence is present but should if the target sequence
is present (87). The formation of DNA induced clusters can also be observed by
subsequent transmission electron microscopy (TEM) studies where the distance
can be controlled by the length of the complementary strand (88). This is a clear
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indication of functionalisation since formation of dimers or trimers would not
occur if the nanoparticle had not been successfully functionalized. High resolution
TEM studies can also be used to visualize nanoparticle ligands themselves (89).

Quantitative fluorescence measurements are one of the best ways to
investigate the success of surface functionalisation with biomolecules. There are
two main ways that this can be done; firstly the removal of a fluorescently labeled
biomolecule that is conjugated to the nanoparticle and secondly the hybridization
of a fluorescently labeled ssDNA to a nanoparticle conjugated sequence before its
removal and measurement. In the first approach mercaptoethanol or dithiothreitol
are used to displace the bound ligand shell. The resultant fluorescence, which is no
longer quenched by the metallic surface is then measured (90, 91). Alternatively
an enzyme hydrolysis method, using trypsin or DNase I, can be employed to
release the biomolecule while leaving the surface linker intact (92).

If the use of a labeled biomolecule is not desired, in the case of DNA,
it is possible to quantify the hybridization efficiency of the surface bound
DNA molecules without destroying the prepared nanotag. This involves
the hybridization of a labeled complementary sequence to the DNA on the
nanoparticle surface. After removal of excess labeled probe, the probe can be
liberated and the fluorescence measured, as shown schematically in Figure 7.
This has the benefit of returning the functionalized nanotag unharmed for further
experimentation (93).

Figure 7. Quantification of DNA hybridization efficiency on a nanoparticle,
the fluorescent label (□) is 5′-fluoroscein. (Reproduced with permission from

reference (93). Copyright 2000 American Chemical Society.)

Functionalisation with enzymes also provides a method for confirming that
a conjugation was successful. Essentially, the enzyme is allowed to turn over
a substrate to form a product. The product can then be detected by the most
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appropriate analytical method. If an enzyme has been attached, as observed by
the appropriate analytical technique, but no turnover of the reactant is observed
then it is likely that the conjugation reaction has caused the enzyme to become
inactive (94–96).

Althoughwe are interested in preparing SERS active nanotags that are suitable
for bioanalysis applications, SERS can also tell us about the functionalisation
of the nanoparticles. A simple demonstration of this is in the monitoring of the
formation of a mixed SAM where both constituents are Raman active. Plotting
of the relative peak intensities can show whether the SAM being formed on
the nanoparticle is of the same ratio as the solution mixture, i.e. if the binding
affinities of the two species are the same (97). SERS can also indicate when
a reporter molecule has desorbed, since the signal will disappear. This has
been used to demonstrate the superior quality of chemisorbed reporters over
physisorbed reporters (98). Comparing the Raman spectrum of the reporter to the
SERS spectrum after addition to the nanoparticle can also provide information
about the orientation of the reporter molecule on the surface of the nanoparticle
(99). This is due to the selection rules involved in the SERS process and observing
which vibrations are selectively enhanced will indicate the molecular orientation
with respect to the surface.

Other techniques that have been used to characterize functionalized
nanoparticles include; Fourier transform infrared (FTIR) spectroscopy and
solid-state nuclear magnetic resonance (SSNMR) which can provide information
about the structure of the ligands attached to the nanoparticle but cannot
quantifying the amount (100, 101). Electron spin resonance (ESR) spectroscopy
has been used to probe the organization of mixed SAMs on nanoparticles (102).
Thrombin digestion has been used to remove peptides from the surface of
nanoparticles followed by analysis using gel electrophoresis (103). Differential
scanning calorimetry, contact-angle measurements, thermal desorption mass
spectrometry (104), X-ray photoelectron spectroscopy (XPS), electron energy loss
spectroscopy (EELS), circular dichroism (CD) and inductively coupled plasma –
mass spectrometry (ICP-MS) have also been used to probe the functionalisation
of nanoparticles (105).

It is important to note that, although a vast range of analytical techniques have
been used to probe nanoparticle functionalisation, many of them only indicate that
something has been attached to the surface. For example, there can be an indication
that an Au-S bond has formed at the surface. If peptides are under investigation
then it may not be possible to definitively state whether they are chemically bound
to the ligand shell or non-specifically bound. The characterization that is currently
undertaken is the best available and with the use of multiple techniques it can be
confidently stated that nanoparticles have been functionalized.

However, even in the case where the analytical technique is providing a
“quantitative” result it must be regardedwith caution. This is due to the fact that the
methods are all based on averaged statistics, specifically the colloid concentration
is assumed from UV-Vis spectroscopy but this is dependent on the extinction
co-efficient chosen which is in itself a function of the size of the nanoparticles
and the refractive index of the material at its surface. The fluorescence signal also
contains an error and therefore an average functionalisation of 5 DNA molecules
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per colloid could actually mean that there are nanoparticles in the solution with
10’s of DNA strands and others with none.

Currently there is nomethod to definitively state howmany biomolecules have
been added to a single nanoparticle, although absolute concentrations of colloid
solutions can be measured which may improve the estimates somewhat (106).
This is one of the major challenges facing the research community; to develop a
technique that canmeasure the biofunctionalisation of individual nanoparticles and
thus create a true picture of the solution as a whole. Considering how assays are
being reduced to ever smaller scales, the variation in the functionalisation between
individual nanoparticles will become ever more important (107).

Applications
Localized Surface Plasmon Resonance Applications

Detection methods based on localized surface plasmon resonances (LSPRs)
depend on the difference in optical absorbance between an unaggregated and
aggregated nanoparticle solution. Therefore, the analyte of interest must cause
either an aggregation or deaggregation of the nanoparticle solution for a change
to be observed and the analyte detected.

In the case of DNA based detection the introduction of a DNA sequence
of interest causes the nanoparticles to aggregate (108). This is due to the
nanoparticles being functionalized with the complementary strands to the target.
A 3-dimensional polymer network of nanoparticles is created upon cross-linking
of the particles which leads to a red-to-purple color change in gold nanoparticles.
The degree of color change can be tuned by the length of the complimentary DNA
strands used to functionalize the nanoparticles, the longer the strands the smaller
the change between aggregated and unaggregated states (109).

Figure 8. The color change observed between unaggregated and aggregated
nanoparticles. (Adapted with permission from reference (111). Copyright 2001

American Chemical Society.)

Unfortunately, due to the broad absorbance bands in UV-Vis spectroscopy
the number of targets that can be investigated in one solution simultaneously is
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limited. To overcome this it is possible to use different sized gold nanoparticles
(which will have different absorbance profiles) and attach them to a surface using
the target sequence to hybridize the nanoparticle to the surface (110).

Alternatively, silver core – gold shell nanoparticles can be used as a secondary
nanoparticle probe. The silver core provides a different optical response to the gold
nanoparticles, changing from yellow to brown/black upon aggregation as shown
in Figure 8 (111). We will return to multiplexed DNA detection in the surface
enhanced Raman spectroscopy section where we will show that the achievable
multiplex can be significantly improved.

Glucose detection is clearly a very important consideration for those suffering
from diabetes and LSPR based detection methods have been developed. One
example is the use of glucose oxidase functionalized gold nanoparticles that
aggregate in the presence of glucose molecules leading to the standard red to
purple color change (112). However, an aggregated to unaggregated system has
been developed that uses dextran coated gold nanoparticles. In this system the
nanoparticles are aggregated using concanavalin A (Con A) and the introduction
of glucose leads to competitive binding with the Con A resulting in the dextran
coated nanoparticles no longer being aggregated, as shown in Figure 9 (113).
Changing the size of the gold nanoparticles or the concentrations of dextran and
Con A allows the available glucose detection range to be tuned (114).

Figure 9. Schematic of the aggregated to unaggregated glucose sensing system.
(Reproduced with permission from reference (113). Copyright 2005 American

Chemical Society.)

SPR based techniques utilizing functionalized nanoparticles and the
unaggregated to aggregated response has also been used to detect anti-protein A
(115), homocysteine (116), platelet-derived growth factors (117) and enzymes
such as proteases (118) and kinases (119). In the case of endonucleases, the system
can be used to probe inhibitor activity (120). Two batches of gold nanoparticles
were functionalized with complementary thiol terminated DNA strands. When
mixed, the nanoparticles hybridize and in the presence of endonuclease the
hybridized DNA strands are digested and the nanoparticle solution becomes red,
i.e. unaggregated. This digestion does not happen in the presence of strong
endonuclease inhibitors as demonstrated in Figure 10 (120).
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Figure 10. Functionalized nanoparticles to probe endonuclease inhibitors,
analyzed by LSPR. (Reproduced with permission from reference (120). Copyright

2007 Wiley-VCH.)

LSPR techniques can give a clear colorimetric response, often observable by
eye, for specific analytes provided the nanoparticles are correctly functionalized.
However, due to the broad nature of the absorbance response, the ability to
multiplex is severely limited. There is also a problem of false positives occurring
since aggregation in real biological systems could be caused by undesired species
(121). One way to combat these shortfalls is to modify the system and base it
around a surface enhanced Raman spectroscopy (SERS) detection method.

Surface-Enhanced Raman Spectroscopy Applications

DNA has been labeled with a benzotriazole dye and shown to give a strong
SERS signal when combined with silver nanoparticles and aggregated with salt
(122). However, it is obvious that since the benzotriazole dyes have surface
complexing domains the nanoparticles can be prepared and used to detect
complementary DNA sequences, i.e. a DNA molecule causes the aggregation
rather than being induced by salt addition. In this approach one set of nanoparticles
can be prepared with a specific DNA sequence and a label while a second batch
of nanoparticles is prepared with a different sequence, but no dye. When the
target sequence is introduced the mixture of the two nanoparticles will aggregate
and “turn on” the SERS signal (123). To maximize the signal both nanoparticles
can be functionalized with the reporter dye or with different dyes to produce a
multiplexed response to allow determination of the exact hybridization event that
has occurred (87).

This approach toDNAdetection is generic and can be used to detect sequences
that are specific to diseases (124, 125). The greatest benefit of this approach over
LSPR and fluorescence based methods is its multiplexing ability (126) which is
demonstrated in Figure 11. Due to the unique fingerprint signatures that are built
into the nanoparticle probes this technique can also remove false-positives and
false-negatives (127).
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Figure 11. Multiplexed detection of six DNA sequences specific to 5 viruses and 1 bacterium, the panel on the right shows no
false-positives or false-negatives from various mixtures. The targets were; HVA – hepatitis A virus, HVB – hepatitis B virus, HIV – human
immunodeficiency virus, EV – Ebola virus, VV – variola virus (smallpox) and BA – Bacillus anthracis. (Adapted with permission from

reference (127). Copyright 2002 AAAS.)
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Different sugars are readily identifiable from their spectral fingerprint regions
using Raman spectroscopy (128). To increase the sensitivity and specificity of the
detection system SERS based methods have been developed. Glucose sensing by
SERS is possible with a simple partition system (129), but a much more specific
approach has been reported that uses a complex functionalized nanoparticle
system (130). This complex system is based on a bienzyme functionalized
nanoparticle; a glucose oxidase (GOD) – horseradish peroxidase (HRP) couple.
Glucose and oxygen interact with the GOD which produces hydrogen peroxide
which is then consumed by the HRP along with the SERS “silent” substrate
o-phenylenediamine. The HRP converts the substrate into azoaniline which has
a strong SERS response and can be detected (130). This is a nice demonstration
of the ability to multifunctionalize the surface of a nanoparticle to produce a
biological sensor.

Figure 12. Generic SERS nanotag, all the constituents can be changed, i.e. the
nanoparticle can be silver or gold, the reporter dye and biorecognition sites are

all variable to create a large library of nanotags.

In the previous sections we have discussed the preparation of functionalized
nanoparticles for SERS detection. These functionalized nanoparticles are generic
in nature as shown in Figure 12 (131) and changes within the biorecognition
species will change the species which can be detected while the fundamental
workings of the assay will not change. Therefore assays have been developed
to detect a range of biologically relevant species such as calcitriol, the
1,25-dihydroxy metabolite of vitamin D3, of which a deficiency is linked to renal
disease, and an excess linked to hypercalcemia (132). Other species include
proteins (133), cancer markers such as prostate-specific antigen (PSA) (134) and
mucin protein MUC4 (135) as well as viral pathogens (136) including the lysate
of M. avium subspecies paratuberculosis (137).
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SERS assays using functionalized nanoparticles can be generally improved
by optimizing some experimental parameters. To minimize nonspecific binding
the assay can be carried out on a rotating substrate (138). This introduces fluid
flows within the solution that bring the functionalized nanoparticles to the surface
quicker, this reduces the time required for the assay and, more importantly, reduces
the amount of nonspecific binding making the assay more sensitive (138). The
nanoparticles that form the core of the functionalized nanoparticles can be replaced
by gold cubes. These structures lead to greater focusing of the electromagnetic
radiation at the vertices which produces a more intense SERS signal and again
improves the sensitivity of the assay (139).

All the above examples detected biological molecules of interest, however
functionalized nanoparticles can also be used to detect cells and species within
cells (140, 141). Johne’s disease can devastate dairy herds and is caused by
Mycobacterium avium subspecies paratuberculosis whose lysate has been
detected using functionalized nanoparticles (137). However, the cells can also
be detected directly by targeting a specific membrane protein, the sensitivity is
significantly improved due to the fact that the membrane protein is shed from the
cell, therefore the protein is detected in the sample as well as on the surface of
the cell (142).

Functionalized nanotags have also been used to detect two different kinds
of cancer cells. The nanotags were functionalized with antibodies against two
different epidermal growth factor receptors which are over expressed in certain
cancers (143), different reporter molecules allowed the differentiation of the cells.

Figure 13. Prostate tissue section mapping using SERS nanotags functionalized
with anti-p63 antibody. A) White light image and overlaid false color map based
on the intensity of the 1340 cm-1 nitro stretching band from the reporter molecule.
B) Raw spectra from the marked points in A. (Reproduced with permission from

reference (144). Copyright 2011 Royal Society of Chemistry.)
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Beyond single cell levels, nanotags can be used to map tissue samples. Schütz
et al. functionalized their nanotags with anti-p63 antibodies so they could detect
the tumor suppressor p63 in prostate biopsies as shown in Figure 13 (144). They
found that the suppressor was only abundant in the basal epithelium of benign
prostate tissues and not in other areas of the tissue (144). Although this tissue
mapping was done on the surface of a section, the future potential of the technique
is clear.

Figure 14. In vivo imaging of ScFv-antibody functionalized nanotag with
a 785 nm laser and 2 second spectral integration. The spectra show that
the functionalized nanotags primarily accumulate at the tumor site while

nonfunctionalized nanotags accumulate in the liver. (Reproduced with permission
from reference (57). Copyright 2008 Nature Publishing Group.)

Functionalized nanotags have also been used for in vivo detection of tumors
within live mice. Qian et al. functionalized their nanotags with a single-chain
variable fragment (ScFv) antibody that binds to the epidermal growth factor
receptors (EGFR) of the tumor (57). This approach led to strong SERS signals
being recorded from the tumor site while unfunctionalized nanotags were only
recorded in the liver, Figure 14, where nanotags will naturally bioaccumulate
before removal (47). Currently, nanotags for in vivo applications are being
developed to be multi-modal, i.e. they can be detected by multiple techniques,
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such as magnetic resonance imaging and photoacoustic imaging (145, 146).
The SERS modality of the nanotags can be used alongside the other approaches
to visualize tumors before surgery. However, the main benefit of SERS is the
ability to help guide intraoperative surgery by indicating when the tumor has
been completely removed (146). The superior sensitivity of the nanotags, with
their many reporter molecules generating the signal, can indicate the presence of
cancerous foci which are not visible to the naked eye (146), this has clear benefits
for tumor surgery and ultimately improved patient outcomes.

Conclusions

In this chapter we have considered the functionalisation of metallic
nanoparticles for bioanalysis. While the functionalisation of the particles is well
established and many different routes exist to achieve it, the characterization of
the produced nanoparticles is still somewhat lacking. Although many analytical
techniques exist to interrogate the species on a nanoparticle surface, no methods
exist that are capable of stating definitively how many molecules are on an
individual nanoparticle. This is mainly due to the fact that the methods are
bulk methods and thus rely on an estimate of nanoparticle concentration taken
from UV-Vis absorbance measurements which leads to a range of values for the
number of molecules on the surface.

Although the absolute characterization of the nanotags may be lacking this
has not held back the development of the applications. Detection of DNA and
other biological analytes is now well established and simple changes in the
building blocks of the nanotag, i.e. the biorecognition unit, can create specificity
for almost any target. However, there are two main challenges that remain to be
met; firstly the assays must be applied to real world samples and not idealized
laboratory samples, i.e. the detection should be carried out in whole blood or
other sample media. The second challenge is the detection of species in vivo.
We have already mentioned some in vivo papers within this chapter but these
were simple demonstrations of a yes-no variety, i.e. were the tags present? The
challenge is to detect SERS nanotags at depth within larger organisms, which will
involve the use of special detection techniques such as spatially offset Raman
spectroscopy (SORS) (147).

SORS allows signals at different depths in opaque media to be detected and
minimizes the influence of surface species. It has already been combined with
nanotags and its multiplexing ability demonstrated through 20 mm of porcine
tissue (148). The next big advancewill be the ability tomap nanotagswithin a body
in 3-dimensions. If this can be achieved then a multitude of different nanotags
can be introduced to the body, each with a specific fingerprint and targeted at
individual biological species and thus many different diseases can be tested for
simultaneously. Both these challenges can only be met with the development
of new detection approaches and tools. As this chapter has demonstrated, the
functionalized nanoparticles to achieve this already exist.
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Chapter 3

Tailoring QuantumDot Interfaces for Improved
Biofunctionality and Energy Transfer

Joshua Zylstra, Rabeka Alam, Hyunjoo Han, Robert P. Doyle,
and Mathew M. Maye*

Department of Chemistry, Syracuse University,
Syracuse, New York 13244, U.S.A.

*E-mail: mmmaye@syr.edu

Over the past decade quantum dots (qdots) have emerged
as a premier biological labeling tool due to their unique
photophysical properties. In order to take advantage of these
properties, a lot of surface chemistry design work needs
to take place due to the need of phase transfer to aqueous
buffers, as well as the need to preserve both photophysical and
colloidal stability. This chapter first briefly reviews a number
of functionalization strategies available to researchers, and
then focuses on our groups strategy. In particular, the use the
amino acid L-histidine to facilitate both phase trasfer, ligand
exchange, as well as direct biological functionalization. The
binding mechanism and properties of the histidine-capping at
the qdots is reviewed, as well as the use of resonance energy
transfer (FRET and BRET) to probe the abiotic-biotic interface.

Introduction

The synthetic methodology for colloidal nanoparticles, such as for
semiconductive quantum dots (qdots), is an interesting combination of organic and
inorganic wet-chemical reactions, with solid-state high temperature annealing,
nucleation and growth, and epitaxial deposition (1–5). Since the seminal synthetic
reports (1, 2) the knowledge base for qdot synthesis and the remarkable final
photophysical properties has grown considerably (1–6). Today, the qdots can be
made highly crystalline (e.g. Wurtzite or ZincBlende) and highly monodisperse.
These qdots have a core-shell architecture like many other nanomaterials, where

© 2012 American Chemical Society
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the inorganic core is surrounded by a dense shell of hydrophobic self-assembled
monolayers (e.g. TOPO) (6). This encapsulation plays a number of roles, one of
which is related to stability, while the other promotes the utility of the qdots. Thus,
understanding and optimizing the surface chemistry at the organic encapsulating
shells is thus a prominent area of colloidal research (5–11). In particular, the
design and implementation of chemical functionalization at qdot interfaces to
promote biological functionalization as well as resonance energy transfer (RET)
is a key component for using qdots as biological sensors (8, 9, 11–20).

These functionalization protocols often occur in multiple steps, and typically
require rendering the interface as hydrophilic (7–14). The functionality change
must protect the inorganic core from degradation (e.g. loss of quantum yield) (21,
22), but also provide solubility in modest ionic strengths. Ideally, this interface
would also be readily exchanged by additional ligands or biomaterials (11–20),
and provide a soft-binding to the qdot interface or organic encapsulation, and not
alter surface electronics, such as the introduction of electron or hole traps (21,
22). Generally speaking, one of two general approaches are used to achieve these
goals. These include the use of monolayer exchange at the qdot interface, and the
polymer wrapping of alkyl-capped qdots. Table 1 summarizes a number of recent
advances in these pursuits.

The monolayer exchange class utilizes place exchange between the incoming
ligand, typically thiolated, and displaces the initial alkyl monolayers, typically
trioctylphosphine oxide (TOPO) or alkyl amines. One advantage that this
approach has is the potential for smaller hydrodynamic diameters (Dh) of the
product. But a trade off to this is often a decreased QY, due direct binding to the
qdot interface. These protocols include the use of short-chain mercapto acids (23),
thiolated dendrimers (24), as well as other functional moieties that utilize thiol
for attachment (25–27). Multidentate ligands, such as the dithiol dihydrolipoic
acid (DHLA), have also been used extensively for both phase exchange (14–22,
28, 29) as well as an anchor for further modification (30–33).

Table 1. Molecules used to ligand exchange or wrapp quantum dots (qdots)

Mercaptoacetic Acid (9)

Mercaptopropinoic Acid (17, 34–37)

Thiol-β-D-Lactose (26)

Monothiol Peg derivatives (28, 38)

Cysteine (39)

Dendron (24, 40)

Thiolated DNA (17, 34, 36, 37, 41–43)

Phosphonic Acidic Acid (44)

1,4-Benzenedithiol (25)

Continued on next page.
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Table 1. (Continued). Molecules used to ligand exchange or wrapp quantum
dots (qdots)

5-mercaptomethyltetrazole (27)

His-tagged DNA (43, 45)

Glutathione (46–48)

Histidine (41, 49, 50)

DHLA (14–16, 29)

DHLA-PEG (29, 32, 45, 51–53)

DHLA-Tween (54)

DHLA–sulphobetaine (55)

Bis-DHLA–PEG conjugate (29)

Aminated polymers (56–58)

RAFT Polymer (59, 60)

DHLA–albumin (61)

Cystine functionalized Polyaspertic acid (62)

Bisthiol-g-polyethylene glycol (37, 63, 64)

Peptides (65–67)

DTT (68)

Block Copolymers (9, 69)

Poly(maleic anhydride) Block Copolymers (25, 70, 71)

Polymer Capsules (25, 72)

Calixarene derivatives (73)

Phospholipids (33, 74)

β-Cyclodextrin (75)

Silica encapsulation (76–78)

Biotinylated Polymer (18)

DNA Adsorption (79, 80)

The second class of qdot phase transfer and functionalization protocols is
the polymer wrapping method (9, 27–33, 69–71). This protocol is particularly
important for a number of reasons. First, it often allows for the preservation of QY,
owing in large part to the hydrophobic anchoring of the amphiphilic polymer to the
original surface encapsulation. However actual QY values are known to fluctuate
from batch to batch. Because of the multilayer nature of the wrapping, and the
potential to add polyethyleneglycol (PEG) units, the polymer wrapped qdots are
often stable at a wide range of pH and ionic strengths. A drawback to this is often
seen by the increased Dh, which is thought to limit some biocompatibility.
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Once rendered hydrophilic and phase transfered, these qdots are often
functionalized with biomacromolecules, which has facilitated the study of
novel biomimetic assembly approaches (81–89), where cross-linking reactions
between qdots mimic biological recognition or biological material itself
(90–97). For example, the DNA-mediated assembly of nanomaterials, such
as gold nanoparticles, is established (98–109), and this strategy has recently
been broadened by devising new functionalization strategies for programming
qdots with similar DNA-mediated reactivity (110–114), were oligonucleotide
functionaliztion is achieved using classical carbodiimide (EDC) coupling
chemistry (115), polyhistidine peptide DNA assembly (18), and biotin-avidin
recognition (92, 93). Once functionalized, the interface can be probed using the
Förster (or Fluorescence) resonance energy transfer (FRET) method, where the
qdot is the fluorescent donor, and a fluorophore acceptor is attached in proximity
by a DNA linkage. A number of DNA-qdot FRET studies have been performed
(18, 43, 45, 47, 116). Moreover, an additional RET design exists where the qdot
performs as the energy acceptor. The seminal work in this area has been performed
by Rao and co-workers (117–121), who first showed that bioluminescent enzymes
mutated from R. reniformis luciferase (Luc8) can be conjugated to qdots via
EDC coupling (117). In the presence of the substrate colenterazine, the qdot
accepts the excited state energy of Luc8 via the non-radiative pathway known as
bioluminescence resonance energy transfer (BRET).

In this chapter, we review our recent success in the synthesis, phase transfer,
and biofunctionalization of qdot interfaces for utility in biomimetic self-assembly
and energy transfer. We first describe a modular phase transfer approach that
utilizes a small molecule and amino acid L-histidine (His, 2) to readily ligand
exchange the dense hydrophobic shells at CdSe/ZnS qdot interfaces. We then
characterize this unique interface via 1D 1H NMR, and 2D NOESY and DOESY
1H NMR. We then show that this 2-modified interface can be readily displaced
by polyhistidine tagged proteins that perform DNA-mediated self-assembly, and
undergo highly efficient FRET and BRET.

I. Histidine-Mediated Phase Transfer Protocol and Analysis

The general strategy employed for qdot phase transfer and further
modification is illustrated in scheme 1. First, CdSe/ZnS core/shell qdots were
synthesized via standard organometallic methods with slight modification
(122–124). To initiate phase transfer to buffers, an excess of 2 in a 3:1 basic (200
mM KOH) methanol/water mixture is added to a solution of trioctylphosphine
oxide/oleylamine (TOPO/OAm) capped qdots (denoted as 1-qdots) and vortexed
for 1-5 min. Using this biphasic approach, the 2-qdot immediately undergo phase
transfer into buffer (10 mM borate buffer, pH = 8.3). This homogeneity and lack
of precipitation greatly decreases the tendency for non-reversible aggregation,
which is particularly useful, since the lack of aggregates allowed an immediate
optically clear product that can be used without additional centrifugation,
filtration, or sonication. If required, the 2-qdot can then be purified free of excess
2 either by acetone precipitation, or dialysis.
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This 2-mediated phase transfer step was found to have a number of important
qualities. First, the biphasic phase transfer and collection of the 2-qdot is
immediate, and does not require long incubation times, excessive concentrations,
or elevated temperatures. Second, this process results in high phase transfer mass
yields (75-90%). A third attribute of this approach is the modest preservation
of optical properties and quantum yields (QY) of the qdots (49). The 1-qdots
had QY of ≈53% directly after synthesis, while the 2-qdot showed a QY ≈30%
after phase transfer. This QY loss was also influenced by core size, as well as
ZnS-shell thickness and quality, thus batch to batch values varied.

Scheme 1. An idealized schematic illustrating the qdot functionalization steps
reviewed. The OAm/TOPO-capped CdSe/ZnS (1-qdot) are first phase transferred
(A) from chloroform to aqueous buffers using His (2), resulting in 2-qdots. Next,
the 2-capping be further functionalized with hexahistidine-tagged Streptavidin,

Red Flourescent Protein, and Firefly Luciferase

The ability of 2 to induce such effective phase transfer while maintaining a
large proportion of QY is notable, considering its small size, lack of alkyl chains
for monolayer formation, and presumably weak coordination to the qdots ZnS
shell. In biology, 2 is known to be key cation binding sites in metalloproteins,
which coordinate via the N(2)-position at the imidazole ring (125). It is this
binding to divalent cations, such as Ni2+, that is the basis for polyhistidine based
purification of engineered proteins (126). Moreover, in solution, 2 has been
shown to form a bis(L-Histidinato-N,N′) complex with Zn2+ cations, which
also chelate at the α-amino group and the N(2) of the imidazole ring, as shown
by crystal structure analysis (127). Moreover, such histagged binding has also
been shown by Mattoussi and co-workers to bind strongly to qdots dispersed in
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aqueous media, presumably due to the coordination of the imidizole ring to free
Zn2+ sites at the ZnS-lattice interface (29, 128).

To investigate the binding mechanism, and probe the extent of ligand
exchange, we turned to 1H-NMR analysis. NMR analysis has emerged as
a powerful analytical tool to investigate the organic-encapsulating shells of
nanomaterials, particularly when studying the multiple surface chemistries, and
ligand exchange dynamics at qdot interfaces (129–133). For instance, Hens and
co-workers have utilized both 1D and 2D NMR techniques to characterize qdot
interfaces, and to observe ligand exchange in-situ (129–133). Figure 1 shows a
typical 1D 1H-NMR spectra for purified solutions of 1-qdot (i) and 2-qdot (ii).
The first observation is the significantly broadened 1H resonances compared to
the molecules themselves, which are a characteristic of surface bound molecules,
particularly those at nanoparticle interfaces (129–133). The dense or close
packing of the ligands at the surface leads to a molecularly crowded environment,
leading to inter-ligand resonances, and more solid-state like characteristics, such
as lacking free rotation, for instance. Added to this is the fact that the ligands
themselves adopt the diffusion characteristics of the qdot, which have orders of
magnitude slower diffusion constants (<D>) (59–61).

Figure 1. The 1H-NMR results for 1-qdot (i) and 2-qdot (ii) after purification
and redispersion in CDCl3 (i) and D2O (ii) respectively. Insets: Illustration for
1 and 2 with labeled 1H assignments. Modified from reference (49). Reprinted
(adapted) with permission from Langmuir, 2011, 27, 4371-4379. Copyright 2011

American Chemical Society.

Figure 1-i shows the 1-qdot 1H resonances at ≈0.88 and ≈1.26 ppm, which
is consistent with the alkyl backbone of the 1-capping, namely methyl (1a) and
methylene (1b) protons respectively (see Fig. 1 inset). In addition, the 1c and
1d resonance are observed at ≈ 5.4 (not shown) and ≈2 ppm respectively. Upon
ligand exchange and phase transfer by 2, the 2-qdots show four new resonances;
2a, 2b, 2c, and 2d that are characteristic of the 2-capping (Fig. 1-ii). There
is a considerable decrease (>98%) in resonance intensity at ≈1.28 ppm (1b),
indicating the exchange of practically all the initial 1-capping. Second, we
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observe resonances at ≈3.00, and ≈3.80 corresponding to the 2b- and 2a-proton
positions of 2, and resonances at ≈6.97 (2c) and ≈7.67 ppm (2d) that correspond
to the protons from the imidazole ring, which show broadened and decreased
resonance intensities compared to the neat compound. Interestingly, the resonance
signature for 2-qdots is very similar to that observed for the 2-coordination to
Zn2+ cations in solution, indicating that both the amine and the imidazole ring to
be participating in qdot coordination, whose increased sterical environment and
crowding lead to resonance broadening.

Figure 2. The 2D NMR results for 2-qdot after purification and redispersion in
D2O. A NOESY spectra (Left) and DOSY spectra (Right) Insets: Illustration for

2, with labeled 1H assignments.

To further investigate the binding of the 2-qdot, 2D NMR experiments
were performed. Figure 2A shows the Nuclear Overhauser effect spectroscopy
(NOESY) spectra for the 2-qdots, which provides two important insights into
the system, firstly that the histidine molecules are binding onto the qdot surface,
which can be seen by the negative NOE cross peaks indicative of slow moving
(bound) ligands. If there was no interaction the small 2 molecule would show
fast motion (unbound) positive NOE crosspeaks (131). The second piece of
information that can be gained from this spectra is that the 2a proton at 2.8ppm
shows a NOE cross peak with the 2c proton at 6.97ppm, but not with the 2d
proton at 7.67 ppm. Since the NOESY probes interactions through space this data
support our hypothesis of how histidine binds to the qdot interface, namely that
the distance between the 2a and 2d proton is greater then the distance between the
2a and 2c protons, (as shown by the NOE crosspeaks) consitant with the crystal
structure (127). To further investigate this, 2D DOSY can provide information
regarding whether or not the 2 is a static (high affinity) or dynamic (low affinity)
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interface. The diffusion ordered spectroscopy (DOSY) of the 2-qdot is shown
in Figure 2b, and reveals one main diffusion band with a diffusion constant
of <D> = 0.54 x 10-9 m2/s which strong evidence for a dynamic bond due to
the similar diffusion coefficient (127), when compared to the 0.57 x 10-9 m2/s
diffusion coefficient of pure histidine in an aqueous solution (data not shown).
Interestingly, some a small amount of residual organic capping ligand is still
attached to the particle, with a <D> = 0.083 x 10-9, which is consistent with the
diffusion of a particle through solution (129).

II. Direct Biofunctionalization at Histidine-Capped Qdots

Having gained an understanding of the 2-qdot system, we used this approach
as a platform for the direct attachment of biomacromolecules to the qdot interface.
As described above, the 2-intermediate encapsulation is easily exchanged. Scheme
1 shows the general strategy employed. In this section we show the procedure
followed for the functionalization of 2-qdots with histagged streptavidin (Stv). In
this case, the hexahistidine at theN-terminus of the Stv binds to the Zn2+ terminated
CdSe/ZnS qdot interface by displacing the bound 2 molecules. Similar binding
has been shown for DHLA modified qdots (110–114, 134–136). To a solution of
purified 2-qdots, the histagged Stv is added at a molar ratio of [Stv]:[qdot] ≈ 4 in
10 mM borate buffer and let to incubate. Next, the Stv-qdots were incubated with
3′-biotinylatedA-type (A = 5′-CAGTGTAGAGAATTTTT-Biotin-3′) ssDNA at
a molar ratio of [A]:[Stv] ≈ 4, and let to incubate in buffer, resulting inA/Stv-qdots.

Figure 3. Results for the Stv-qdots before (1) and after biotinylated A-type ssDNA
functionalization to A/Stv-qdots (2-5) at increasing r = 6 – 36 (0.8 % agarose,
1x TBE, 25V, 60min). Modified from reference (41). Reprinted (adapted) with
permission from Chem. Mater. 2011, 23, 4975–4981. Copyright 2011 American

Chemical Society.

Figure 3 shows a representative agarose gel result for the Stv-qdots before and
after functionalization by A-type ssDNA at increasing [A]:[2-qdot] molar ratios.
For instance lane 1 shows the initial minimal mobility due to similar instability and
decrease in surface charge of Stv-qdot, and the improved mobility of the A/Stv-
qdots. Interestingly, the mobility remains similar despite increases in [A] (Lanes
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2-5). This suggests A-binding only to the accessible Stv recognition sites and not
the qdot interface.

These gel results, as well as many other studies (not shown), are strong
qualitative evidence for both histagged Stv absorption, and further direct ssDNA
modification. We investigated this binding by taking advantage of the Förster
Resonance Energy Transfer (FRET) between the DNA-qdots and complementary
ssDNA modified with a fluorophore. A number of reports have used FRET to
better understand biofunctionalized qdot interfaces (110–114, 138–141). The
qdot/dye FRET pair is analogous to classical FRET pairs, and the qdot itself
has been well modeled as a single point dipole, due to the nature of the single
exciton generation localized at the CdSe core (142). The A/Stv-qdots prepared
had a PL emission at 550 nm, and performed as FRET donors (D), whereas
a complementary ssDNA of A′-type modified with a fluorescent dye (ROX)
with emission at 605 nm served as the FRET acceptor (A). The fluorophore
ROX was chosen to sufficiently separate donor-acceptor emission spectra, while
maintaining an acceptable overlap integral. The spectral properties and FRET
efficiency plot is shown in Figure 4 (41).

Figure 4. (a) Normalized PL emission and absorption spectra for 550 nm
emitting 2-qdot donor and A′-ROX acceptor. (b) FRET efficiency curve

calculated using equation 4, in ref. (41), at R0 = 61.0 Å and n = 4, 5, and 6.
Inserted experimental E results for the labeled assembly systems. Modified from
reference (41). Reprinted (adapted) with permission from Chem. Mater. 2011,

23, 4975–4981. Copyright 2011 American Chemical Society.

Figure 5a shows a typical FRET response at n = 0 ~ 40. A FRET efficiency
of E ≈ 21% was measured. The A/Stv-qdot was prepared at ratios in which a
maximum of 5 (±1) A-type ssDNAmolecules were bound. As shown in the FRET
efficiency plots (Fig. 4b), an E value of this magnitude correlates to a dipole-
to-dipole distance of r ~10.0 (± 0.4) nm. Interestingly, this value is slightly less
than the ideal estimate of ~ 12 nm, considering the size of the Stv macromolecule
(~2 nm), the number of base pairs, as well as the ssDNA segments. We further
probed the A/Stv-qdot systems by using an analogue ssDNA sequence to A-type
that contained an increased number of bases (30b), A2-type (A2 = 5′-AGA CAG
TGTAGAGAA (TTT)5-Biotin-3′). TheA2/Stv-qdot was prepared via themethods
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described above, again with a coverage of 5 (±1) A2 molecules/qdot. A typical
FRET spectra is shown in Figure 5b. As one might expect from the longer ssDNA
sequence, a lower E ≈ 12% was calculated, which correlates with an r ~11.1 (±
0.4) nm. This value is also less than the ideal estimate of ~ 13 nm that takes into
account the additional 15b poly-T spacer segments (101–103, 108, 109, 137).

Figure 5. Representative emission spectra during a typical FRET experiment
between A/Stv-qdot (a), and A2/Stv-qdot (b) donors with A′-ROX at n ≈ 2, 4, 7,
12, 21, 31, 42. (10 mM borate buffer, pH = 8.3, 50mM NaCl, [qdot] = 10.1
nM, λEx = 400 nm). Modified from Reference (41). Reprinted (adapted) with
permission from Chem. Mater. 2011, 23, 4975–4981. Copyright 2011 American

Chemical Society.

TheA/Stv-qdots have higher than expected FRET efficiency, and subsequently
r-values lower than estimates. This can be understood by considering that the
initial Stv layer will extend the attachment point of the ssDNA by ~ 2nm. Since
the number of ssDNA/qdot is maintained (as compared to a system with no Stv
layer) (41), this results in sufficient free space near the qdot interface for close
approach, resulting in, on average, increased FRET efficiency. Using the longer
ssDNA A2/Stv-qdot analogue that showed decreased efficiency substantiated
this. Other factors may also play a role in the FRET efficiencies measured, such
as a distribution of ZnS-shell thicknesses amongst the qdots used, as well the
possibility of a distribution of ssDNA coverage across a qdot population. These
factors, and further structural characterization are currently being investigated.
Taken together, these results demonstrated an interesting finding in which the
so-called direct attachment of ssDNA to a qdot interface by us did not necessarily
result in optimum FRET. Other factors, such as surface coverage and surface
accessibility are at play and also need to be engineered. Nevertheless, the
histidine-mediated phase transfer method provided a suitable qdot interface for
the direct functionalization with oligonucleotides and histagged proteins (41),
opening up a new route for the integration of qdots into increasingly sophisticated
self-assembly designs, one of which is described next.
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III. Qdot Functionaliztion with Histagged Protiens

With the experience gained by the FRET method above, we next explored the
direct attachment of a fluorescent protein tag Red Flourescent Protein (tagRFP)
to a 2-qdot interface. Similarly to above, the tagRFP was genetically expressed
with a hexahistidine tag at the N-terminus which, as shown earlier, binds to the
Zn2+ terminated CdSe/ZnS qdot interface by displacing the bound 2molecules. A
number of fluorescent proteins have been used as acceptors from qdots recently,
including Yellow (16), mOrange (143), and mCherry (144), amongst others (145).

This particular FRET system consists of the 2-qdot energy donors with PL
emission at 534 nm and QY of 25.5% and tagRFPwith emission at 584 nm serving
as the FRET acceptor. The TagRFP was chosen to sufficiently separate donor-
acceptor emission spectra, while maintaining an acceptable overlap integral. The
spectral properties and FRET efficiency plot is shown in Figure 6.

Figure 6. Normalized PL emission and absorption spectra for 525 nm and 534
nm emitting 2-qdot donor and tagRFP acceptor. The FRET efficiency curve was

calculated with an R0 of 52.5 Å at n = 1.

A typical FRET profile between the 2-qdot and tagRFP at acceptor/donor
ratios (n = [tagRFP]/[qdot] of 0 ~ 5) is shown in Fig. 7a. The FRET efficiency (E)
was calculated to be 72.6%. From this plot, along with the measured E value,
and spectral overlap intergral (JtagRFP= 4.26 x 10-13 M-1 cm3) we estimate the
qdot-to-RFP distance (r, center-to-center), of r ~ 4.4 nm. This estimate fits well
with ideal models, since the radius of the qdot is 1.6 nm and the distance from the
N-terminus to the active site of tagRFP is ~2.3 nm (145), giving a shortest acceptor
to donor distage of ~3.9 nm, a value that is close to r. The additional distance can
be attributed to tagRFP being expressed with an additional 15 amino acids on the
N-terminus that consist of the hexahistidine tag and inserted thrombin cleavage
site, resulting in a greater r value.

69

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
N

ov
em

be
r 

27
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 N
ov

em
be

r 
26

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
2.

ch
00

3

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Figure 7. Representative emission spectra during a typical FRET experiment
between qdot donor with tagRFP at n ≈ 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9,
1, 2, 3, 4, and 5. (10 mM borate buffer, pH = 8.3, [qdot] = 100 nM, λEx = 400 nm).

These results further illustrate the ease at which biomaterials, such as
histagged proteins, can bind to the newly developed 2-qots. In these cases,
optimum r-distances are possible because no long self-assembled monolayer is
used, nor a thick polymer wrapping. With this in mind we began to address one
resonance energy transfer system in which low efficiencies are often observed,
that of bioluminescence resonance energy transfer (BRET), as described next.

IV. Qdot and Qrod Functionalization with Firefly Proteins

Figure 8. A representative set of TEM micrographs (I-II) for PpyGRTS-QR(675)
conjugates, in-which the PpyGRTS layer is visualized using negative staining.
Figure modified from reference (50). Reprinted (adapted) with permission from
Nano Lett. 2012, 12, 3251-3256. Copyright 2011 American Chemical Society.
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Figure 9. (a, Top Panel) TEM micrographs of CdSe/CdS QR(675) ( l/w = 3.1 ±
0.5, l= 24.8 ± 3.6 nm, w= 8.2 ± 1.3 nm. (a, Botton Panel) The BRET emission
profile for the respective QR(675) at L = [Ppy]:[QR] = 5. (b) Calculated BRET
efficiency profile. Figure modified from reference (50). Reprinted (adapted) with
permission from Nano Lett. 2012, 12, 3251-3256. Copyright 2011 American

Chemical Society.

The 2-qdot was also used as a nanosystem to facilitate the transfer of energy
utilizing bioluminescence. We recently designed a qdot system for optimized
bioluminescence resonance energy transfer (BRET) with firefly luciferase from
Photinus pyralis (PPyGRTS). In particular, we chose the highly thermostable Ppy
variant PpyGRTS (146). The PpyGRTS produced by Branchini and co-workers
serves as the bioluminescence donor (λ = 546 nm) in the presence of LH2
substrates (146–148). In addition to spherical qdots, we also utilized custom
built semiconductive quantum rods (qrods). The native and recombinant Ppy
luciferases are robust and emit yellow-green light (λ = 560 nm) at pH = 7.8 in the
presence of the substrates firefly (beetle) luciferin (LH2), Mg-ATP, and oxygen.
The Ppy-LH2 combination is one of the brightest systems in nature and has one of
the highest known quantum yields for luciferases (41 ± 7.4 % ) (148). A unique
aspect to this system is that the PpyGRTS is the energy donor, whereas the qdot
or qrod is the energy acceptor. We chose CdSe/CdS and CdSe/CdS/ZnS qrods
as BRET acceptors due to long lifetimes (>20 ns), broad absorption, synthetic
control of aspect ratio and microstructure, and increased surface area for higher
acceptor/donor stoichiometry (149). The assembly design and main structural
concerns in this biotic-abiotic BRET nanosystem is shown in Figure 8. For more
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information see reference (50). Similarly to those examples above, the PpyGRTS
was directly attached to the 2-qrod interface by the N-terminus hexahistidine
tag. The qrod acceptors are constructed from core/shell designs, where the inner
CdSe core serves as the source for emission that is tailored by novel tuning of
the QRs aspect ratios (l/w), which can be synthetically modified from 2 to ~7.
Figure 8 shows a TEM micrograph of a typical PpyGRTS/QR sample that has
been negatively stained to obserbe the PpyGRTS coating.

Figure 9 summarizes the BRET observed between the PpyGRTS donor, and
CdSe/CdS qrod acceptor with λA = 675 nm. The TEM micrograph of the qrod
reveals an aspect ratio (l/w) of 3.1 ± 0.5 (l = 24.8 ± 3.6 nm, w = 8.2 ± 1.3 nm).
In addition, this particular qrod has a rod-in-rod morphology, which optimizes the
core location in terms of FRET (or BRET). It was recently shown that CdSe rods,
as well as CdSe/CdS rod-on-rod qrods posses improved energy transfer efficiencies
(150), due in large part to a higher propability of closer r values, as well as themore
linear like dipole moment. In our system, the BRET energy transfer efficiency,
known as BRET ratio (BR), and this value was found to be highly susceptible to the
molar loading ratio, L = [PpyGRTS]:[QR]. For example, Figure 9a shows typical
BRET emission spectra at L = 5, the characteristic feature of which is the low
PpyGRTS donor emission and the presence of a large emission from the qrod (QR).
Unlike traditional QR photoluminescence spectra, no direct excitation is present in
the system, which serves as an attractive internal control that demonstrates energy
transfer fromPpyGRTS.After spectral deconvolution, theBR of ≈ 44.2 at L= 5was
calculated based on integration of emission areas. Interestingly, a decrease inBR to
32.0, 24.4, and 17.8was observed despite an increase in L = 10, 20, 40, respectively
(Fig. 9a inset). These results suggest that an optimum L exists, possibly because
some of the bound PpyGRTS is inactive or linked at distances too great for efficient
Förster transfer (see below). These BR values are the highest achieved to date for a
BRET nanosystem, and comparable to systems using molecular fluorophores with
the highest quantum efficiency closest donor-acceptor distance (117–121, 147).

A number of factors benefited this increased in energy transfer efficiency,
which is unique to this system as the qrod is acting as the energy acceptor. One
key is the calculation of a long Förster distance (R0), which due to a high spectral
overlap integral (JQR(675) = 1.19 x 10-11 M-1 cm3), accounts a R0 = 9.4 nm. By
comparison, traditional FRET systems using molecular fluorophores have R0 3-5
nm, and qdot systems can account for a rise in R0 up to ~7-8. The second key
factor is the fact that the PPyGRTS resides so close to the qrod interface, due to
the initial 2-capping. For example, The LH2 binding site at Ppy is located ~3.5
nm from the (His)6 N-terminus of PPy (151), and since the radius of this particular
qrod is ~4.1 nm, the shortest donor-to-acceptor distance can be approximated as
r ~ 7.6 nm, well below the calculated R0. Other factors, such as the length of the
qrod, the interternal microstructure, as well as the collected average location of
PPyGRTS was also considered. For these details, please see reference (50).

Taken together, these results show the importance of considering the surface
chemistry of qdots for optimizing both biological functionalization and resonance
energy transfer. By choosing a small molecule that effectively removes the initial
hydrophobic monolayer of the as-synthesized qdots, and also is readily place
exchanged, researchers can create a modular qdot interface that can serve as a
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building block for increasingly complex surface energetics. In our ongoing work
we are using these interfaces for biomimetic self-assembly of multifunctional qdot
clusters that incorporate multiple energy transfer routes, that can serve as both
biological sensors and fundamental platforms to study biotic-abiotic behavior.

Conclusions

In summary, we have use the small molecule histidine to induce phase
transfer of qdots from as-synthesized organic solvents to aqueous buffers. The
resulting histidine-capped qdots show remarkable stability, and probing of
binding mechanism via 1D and 2D NMR showed that it effectively removes the
organic layer, binds in a bidentate manner, while at the same showing dynamic
on-off behavior. This behavior in particular was used to readily displace the
histidine-capping with polyhistidine tagged proteins. In the first example, this
was exploited for the DNA-functionalization of qdots, and this was substantiated
via FRET analysis. In the second system, and anaologue qdot systems using
qrods was used to serve as a binding site for the histagged firefly luciferase protein
PPyGRTS. State of the art energy transfer (BRET) was observed for this system,
owing in large part to the decreased qrod-to-PPyGRTS distances.
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Chapter 4

Bioanalysis and Bioimaging with Fluorescent
Conjugated Polymers and Conjugated Polymer

Nanoparticles

Hui Xu,†,‡ Lihua Wang,§ and Chunhai Fan*,§

†School of Chemistry and Material Sciences, Ludong University,
Yantai 264025, China
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College of Chemistry and Molecular Engineering, Qingdao University of
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§Laboratory of Physical Biology, Shanghai Institute of Applied Physics,
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*E-mail: fchh@sinap.ac.cn

Fluorescent conjugated polymers (CPs) and conjugated polymer
nanoparticles (CPNs) have attracted great attention due to
their wide applications in bioanalysis and bioimaging. CPs
have been applied to detect DNA, protein, and other biological
molecules with high sensitivity over the past decades. More
recently, fluorescence imaging based on CPNs at the cellular
level has been actively explored. Here, we summarize recent
examples of applications of CPs and CPNs in biosensor and
bioimaging.

Introduction

Conjugated polymers (CPs) are characterized by a backbone with a
delocalized electronic structure, which have light-harvesting and molecular wires
properties and allow electron or energy to move along conjugated backbones to
amplify fluorescence sensing signals (1). Swager and coworker first designed
a series of organic-phase chemosensors based on the superquenching principle,
suggesting that the binding of a quencher to any site of the chain may efficiently
block the electron or energy transfer in the polymer backbone (2). To meet
the requirements of detecting biomolecules, water-soluble CPs were designed

© 2012 American Chemical Society
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and synthesized through covalent binding of charged functionalities on the side
chain. Of the various primary conjugated polymer backbones, poly(thiophene)
(PT), poly(p-phenylenevinylene) (PPV), poly(p-phenyleneethynylene) (PPE)
and poly(fluorene) (PF), have been widely used in fluorescent biological sensing
platform. Scheme1 illustrates the chemical structure of some water-soluble
CPs used in the references. Two main sensing mechanisms, the fluorescence
resonance energy transfer (FRET) or electron transfer (ET) and the aggregation
and conformational effects of CPs, are introduced to describe the principles of
CPs-based biosensors. Sensitive detection of biomolecules (DNA, protein and
biological-revelant molecules) has been designed and successfully accomplished
due to different interaction of CPs with various kinds of biomolecular structures.
Given that there have been several excellent reviews on optical detection of
biomolecules with water-soluble CPs (3–9), and the optical principle including
FRET, ET, and conformation-color effect have been described in detail. Here, we
mainly focus on the application in the area of bioanalysis and bioimaging with
fluorescent CPs and CPNs.

Design of DNA Biosensor Based on Electron/Energy Transfer

FRET is a long-range excitation energy transfer from a donor chromophore
to an acceptor chromophore through nonradiative dipole-dipole coupling. The
energy transfer can occur efficiently from water-soluble CP to dye once they meet
the requirement of FRET, which is the short separation distance between them
(in proximity, typically less than 10 nm), the favorable dipole orientation and the
efficient spectral overlap between the fluorescence spectrum of the water-soluble
CP and the absorption spectrum of the dye. The high extinction coefficients and
highly delocalized backbone make CPs excellent energy donor in FRET-based
assays to amplify the acceptor signal. The Bazan and Heeger group firstly
developed DNA biosensor using water-soluble cationic CPs and fluorescein
labeled peptide nucleic acid (PNA) via FRET (10), in which the specific
PNA-DNA recognition was introduced to design DNA sensors. The DNA probe
was then widely used to detect DNA, protein, and other biomolecules through
DNA hybridization and aptamer-target pair. In addition, other specific recognition
pairs, including antigen-antibody, enzyme-substrate, and biotin-avidin etc have
been used to fabricate biosensors with CPs. Here, we describe various kinds of
biosensors based on different interaction of CPs with various kinds of probes.

FRET Principle-Based DNA Sensors with PNA or DNA Probe

As is known, DNA is the genetic material of almost all living organisms,
and the genetic mutation, including deletion, insertion, transition, transversion
and alteration etc, often lead to aging and disease. Thus, the detection of DNA
attracted much interest, and various kinds of detection methods have been
developed. In addition, DNA is a kind of polyelectrolyte that consists of negatively
charged phosphate backbone and positively charged bases. Thus, the attraction
or repulsion between charged CPs and DNA structures through electrostatic
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interaction contributes to the design of DNA sensors. Up to now, most biosensors
were designed according to the FRET from CPs to dye-tagged DNA probes. Here,
we summarized the DNA-based sensors according to the bio-recognition pairs,
including PNA-DNA recognition, DNA-DNA hybridization, aptamer-target
specific recognition pairs, and other biomolecule consisted designs etc.
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Scheme 1. Chemical structure of some water-soluble CPs, 1−28

For CPs-based sensors, PNA was first used for DNA detection due to
the weak interaction of CPs with the neutral PNA molecule and the specific
PNA-DNA recognition. The neutral PNA probe cannot bind charged CPs and
lead to large donor-acceptor distance, which result in low FRET efficiency from
CPs to dye-tagged PNA probe, while the charged PNA-DNA duplex can bind
with CPs and lead to high FRET. As shown in Fig. 1, a PNA strand labeled
with a chromophore (PNA-C*) was used as the probe and the optical properties
of the cationic CP (CP 1, Scheme 1) and C* are chosen to favor FRET from
CP (donor) to C* (acceptor). There is no FRET between positively charged
CPs and neutral PNA-C* due to large CP-C* distance. Upon the addition of
a target DNA that is complementary to the PNA probe, hybridization endows
the C*-bearing macromolecule with multiple negative charges and electrostatic
interaction brings the CPs close to the PNA-C*/single-stranded DNA (ssDNA)
duplex, allowing for FRET from the polymer to fluorescein (Fig. 1). However,
when non-complementary ssDNA is added, the PNA-C* is unable to form a
duplex with negatively charged DNA and electrostatic complexation occurs
only between CPs and DNA. The efficient FRET can not occur due to the
large distance between CPs and fluorescein (Fig. 1). The resulting emission
intensity of fluorescein by excitation of CPs is enhanced by more than 25 times
higher than that obtained by exciting the dye, which can detect target DNA
at concentrations of 10 pM. Moreover, they investigated the energy transfer
processes in DNA sequence detection by using cationic CPs and PNA probes
with ultrafast pump-dump-emission spectroscopy (11) and modify the strategy to
detect single base mismatch by using S1 nuclease enzyme, fluorescein-labeled
PNA and CP 2 (12). Additionally, Al Attar developed an improved single
nucleotide polymorphism (SNP) detection using CP/surfactant system and PNA
probes (13).
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Multi-color detection is often required in order to detect a number of gene
sequences simultaneously. In 2004, Bazan’s group reported that multi-color
detection can be realized via doping CPs backbones by using a chromophore
labeled PNA strand (14).

Figure 1. Schematic representation for complementary ssDNA detection using a
water-soluble CP and a specific PNA-C* optical reporter probe. Ref (4).

A label-free method for DNA detection with PNA probes was developed by
Liu’s group, in which a DNA intercalator (thiazole orange, TO) was employed to
accept the fluorescence from CPs (15) (Fig. 2). In comparison with labeled probe,
this method is simple, cost-effective, and shows high performance. In combination
with selective enzyme digestion of DNA sequences, Liu et al proposed a TO-based
sequence specific assay through discrimination of PNA/DNA duplex and PNA/
DNA triplex by employing TO intercalation and CPs’ signal amplification. This
method can discriminate perfectly complementaryDNA (pcDNA) from a one-base
mismatched sequence. As shown in Fig 2, the pcDNA sequence is sufficiently
protected by the PNA probe, which ensures the intercalation of TO and addition
of PFP (CP 2, Scheme 1) leads to enhanced TO emission due to FRET from the
CP 2 to TO. Mismatched DNA can be efficiently digested by S1 nuclease to small
fragments and addition of CCP does not induce any polymer fluorescence change.
The assay shows a detection limit of 0.25 μM using a standard fluorometer (15).

PNA-DNA complexes form more quickly and are tighter and more specific
than analogous DNA-DNA complexes, however, PNA is more expensive than
DNA for practical use and DNA/DNA interactions are much more common in
biology. Therefore, the dye-tagged DNA probe is required to fabricate sensor.
The efficient FRET can occur from water-soluble CPs to dye tagged DNA because
positively charged water-soluble CPs can interact with negatively charged DNA
mainly through electrostatic attractions, leading to closer donor-acceptor distance.
Moreover, the electrostatic interaction between a double-stranded DNA (dsDNA)
and a cationic CP would be stronger than that of a ssDNA and the CP.

The difference of electrostatic interaction of CP-ssDNA complex and
CP-dsDNA complex leads to different distance between CP and chromophore
and following different FRET efficiency. Bazan’s group developed a DNA
hybridization detection using a traditional chromophore-labeled DNA as the
optical probe (16). The authors observed a three-fold increase in fluorescence
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intensity from fluorescein when adding target complementary ssDNA relative to
that of a noncomplementary strand although the fluorescein-labeled ssDNA probe
have some electrostatic attractions to CP 1 (Scheme 1). When the ratio of polymer
chains to DNA strands is approximately 1:1, the maximum energy transfer from
CP 1 to the fluorescein can be observed. In 2008, Wang’s group developed a
selective and homogeneous fluorescent DNA detection by target-induced strand
displacement using cationic conjugated polyelectrolytes (CPEs), which can detect
single-nucleotide mismatches (17).

Figure 2. Strategy for DNA detection using label free PNA, S1 nuclease, and
PFP by excitation polymer amplified TO emission. Reprinted with permission

from ref (9). Copyright (2009) American Chemical Society.

A label-free DNA detection method with DNA probes and DNA intercalator
was developed, which was low cost and exhibited high performance due to the
specific intercalation into dsDNA but not ssDNA. In 2009, Xu’s group developed a
label-free DNA sequence detection with enhanced sensitivity and selectivity using
cationic CPs (CP 3, Scheme 1) and DNA intercalating dyes Picogreen (18). The
absorption spectrum of PicoGreen has good overlap with the emission spectrum of
PFP, ensuring efficient energy transfer from PFP to PicoGreen (Fig. 3). Recently,
Wang’s group developed a new strategy for nuclease assay based on FRET from
the CP to the intercalating dye genefinder mediated by DNA (19).
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Figure 3. Schematic representation of a label-free DNA sensor using a
combination of cationic CPs and DNA intercalators. Ref (12).

Figure 4. Illustration of a cascade double FRET for DNA hybridization detection
using PDFD/QD/dye-labeled complex. Reprinted with permission from ref (14).

Copyright (2009) American Chemical Society.

In addition to organic dye as acceptor in FRET, other materials (e.g. QDs)
can be used as acceptor. Jiang et al developed a DNA hybridization detection
method based on cascaded FRET in CP/quantum dot/dye-labeled DNA complexes
(20). A blue-emitting CP with positively charged side chains electrostatically
self-assembles on the negatively charged surface of red-emitting CdTe QDs. The
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so-formed hybrid complex has a net positive charge and thus attracts negatively
charged dye-labeled DNAmolecules, which leads to a cascade double FRET from
PDFD toQDs and FRET 2 fromQDs to the dye on theDNA forDNAhybridization
detection (Fig. 4).

Figure 5. The detection mechanism of lysozyme. Ref (15).
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In addition to DNA hybridization, an aptamer-target pair was widely used in
fabrication of biosensors. Aptamer is a kind of oligonucleic acid that binds to a
specific target molecule. Since the specific binding with target often results in
the conformational conversion of aptamer from random coiled ssDNA to rigid
structure, CPs exhibit different interaction with these two structures. Several
examples were listed as following.

In 2009, Liu’s group developed a convenient detection method for
lysozyme based on FRET between an anionic CP (CP 4, Scheme 1) and a
6-carboxyfluorescein (FAM) labeled lysozyme aptamer (21) (Fig. 5). In the
absence of lysozyme, the negatively charged polymer and the aptamer repel each
other and no energy transfer occurs in solution upon excitation of the polymer.
In the presence of lysozyme, the FAM labeled aptamer binds to lysozyme and
the surface charge is switched from negative to positive, which triggers FRET
from CP 4 to FAM due to electrostatic association between the aptamer-lysozyme
complex and the anionic polymer. This method presents high sensitivity and
selectivity even in biological media.

AGuanine-rich oligonucleotide was used for K+ detection, and the sequence is
capable of forming four-stranded structures, known as G-quadruplexes that play
an important role in inhibiting telomerase activity in most cancer cells. Wang’s
group developed methods to detect conformational change of DNA from G-rich
ssDNA sequences to G-quadruplexes based on FRET from CPs (CP 2, Scheme 1)
to chromophore-labeledDNAprobes (22) andG-quadruplexes to duplex transition
based on two-step FRET fromCPs (CP 2, Scheme 1) to fluorescein and fluorescein
to EB (23).

In addition to above three recognition modes, detection of certain kind of
targets need to be designed carefully and some biomolecule progress should be
employed. In which, enzyme-related process and the amplification-included
progress (including PCR, RCA, and HCR etc) were widely used in the design
of some bioassays. For example, SNP is the most common sequence variations
in the DNA sequences of humans, which is highly related with diseases. The
sensitive and selective detection of SNP is urgently needed in clinic and medicine
application. By employing CPs and chromophore-labeled DNA probe, many SNP
assays were developed with employment of enzyme-based process in Wang’s
group. For example, they developed a method for SNP detection by using cationic
CP (PFP, Fig. 6), Taq DNA polymerase and dGTP labeled with a fluorescein
(dGTP-Fl) at the guanine base based on FRET from CP to fluorescein (24).
As shown in Fig. 6, the target DNA fragment as part of p53 exon8 contains a
polymorphic site, in which the nucleotide G in a 32-mer wild target is replaced by
A in a 32-mer mutant target. The 3′-terminal base of the 20-mer probe is T that is
complementary to A in the mutant-type target and is not complementary to G in the
wild-type target. Taq DNA polymerase and dGTP-Fl are used for probe extension
reactions. Addition of Taq DNA polymerase, the dGTP-Fl is incorporated into
the probe by extension reaction for mutant-type target. The presence of cationic
CP brings the fluorescein close to PFP due to the strong electrostatic interaction
between DNA and PFP and efficient FRET from PFP to fluorescein occurs. For
wild-type target, the 3′-end of the probe is not complementary, blocking the base
extension reaction. FRET from PFP to fluorescein is inefficient due to the much
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weaker electrostatic interactions between the dGTP-Fl and PFP. To identify three
genotypes in one extension reaction, they realized multi-color and one-tube SNP
genotyping assays, which interface with single-base extension, multi-step FRET
and optical amplification properties of CPs (25). Later , they discriminated the
SNP genotypes of 76 individuals of Chinese ancestry (26).

Figure 6. (a) Schematic Representation of the SNP Assay; (b) Chemical
Structures of PFP and dGTP-Fl; (c) DNA Sequences Used in the Assay: The

Mismatched Base in the Mutant Target is Underlined. Reprinted with permission
from ref (18). Copyright (2007) American Chemical Society.

Similar principle was used for DNA methylation assay. DNA methylation
is a biochemical process that is important for normal development in higher
organisms, which occurs mainly at the C5 position of CpG dinucleotides.
Hypermethylation of the CpG island in the promoter region of gene is highly
related with various diseases and cancer. The detection of DNA methylation
is imperative, which is useful for early cancer diagnosis and cancer type
identification. In 2008, Wang’s group developed a new method for DNA
methylation detection based on highly selective single base extension reaction
and significant optical amplification of cationic CPEs. For nonmethylated
DNA, bisulfite treatment changes nonmetylated cytosine into uracil and is then
substituted by thymine after PCR. The dGTP-Fl can not be incorporated into
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the probe and no efficient FRET from polymer to fluorescein occurs due to the
large distance between polymer and fluorescein. While for methylated DNA,
the cytosine of the CpG site remained unchanged upon bisulfite treatment and
PCR amplification. The dGTP-Fl was incorporated into the probe by extension
reaction and FRET from polymer to fluorescein can occur efficiently due to close
distance between polymer and fluorescein (27). Later, they demonstrated the
methylated statuses of the p16, HPP1 and GALR2 promoters of five cancer cell
lines (HT29, HepG2, A498, HL60 and M17) by using this method. The method is
simple, highly sensitive and cost-effective, which shows great potential for early
cancer diagnosis (28).

It is worthy of noting that the molecule design of CPs was important to
optimize the interaction between CPs and chromophore-labeled DNA for optical
amplified fluorescence sensor. Liu’s group (29–32), Huang’s group (33) and Al
Attar’s group (34) reported many studies on synthesis and structural design of
CPs, the effect of conjugated backbone and side chain properties, the effect of
spectral overlap and stokes-shift. Here, we would not describe the molecular
design detailed in this paper.

DNA Biosensor Design Based on Conformational Effect of CP

Many CPs possess conformation-optical effects, i.e., diverse conformations
respond to different spectra, which forms the basis of visible and fluorescence
sensor. For example, cationic water-soluble PT derivatives present different
conformation structures upon addition of ssDNA or dsDNA due to their flexible
conjugated backbone and side chain, which can easily transduce hybridization
events into measurable optical output. And we described this kind of biosensors
according to the biorecognition progress.

The Leclerc group reported a rapid colorimetric and fluorometric detection
method for DNA based on poly(3-alkoxy-4-methylthiophene) derivatives
according to the DNA-DNA hybridization (35). The PT derivative CP 5 (Scheme
1) presents random-coil conformation in aqueous solution, which is highly
fluorescent and has a less conjugated, nonplanar form with absorption maximum
at a short wavelength (λmax = 397nm ). Upon addition of ssDNA, the colour of
the mixture changed from yellow to red (λmax = 527 nm) within 5 min because
of the formation of a so-called duplex between the positively charged PT and the
negatively charged oligonucleotide probe (Fig. 7). This duplex corresponds to a
highly conjugated planar form and strongly quenched fluorescence. Upon addition
of the complementary DNA, the color of mixture changed from red to yellow
with fluorescence recovery at elevated temperature because of the formation of a
new triplex complex between the polymer with the hybridized dsDNA (Fig. 7).
There is a large difference between the duplexes and the triplexes. The duplexes
are unstable at temperatures higher than 65°C, whereas triplexes do not form at
temperatures lower than 45°C. The detection limit by measuring the fluorescence
intensity at 530 nm for DNA was 20 fM. In a further step, they detect DNA at
room temperature by using 20% formamide as denaturing agent to reduce reaction
temperatures (36).
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Figure 7. Illustration of the interaction between positively charged PT and
ssDNA, dsDNA. Ref (26).

In addition, assay of cleavage of ssDNA by a single-strand-specific S1
nuclease and hydroxyl radicals (37) and SNP genotyping (38) have been reported
based on the conformation change of cationic water-soluble PT derivatives.

By employment of aptamer-target recognition mode, the Leclerc’s group
developed a colorimetric or fluorometric method for thrombin detection based
on conformational modifications of the conjugated backbone of a cationic
poly-(3-alkoxy-4-methylthiophene) derivative (CP 5, Scheme 1) when mixed
with ssDNA (Fig. 8 A) and a target protein (39)(Fig. 8 B). The aqueous
solution of polymer CP 5 is yellow with an absorption maximum at 402 nm due
to the random-coil conformation (Fig. 8A). In the presence of a nonspecific
thrombin aptamer X2 or bovine serum albumin (BSA), the maximum absorption
is red shifted (red-violet color) due to complex formation of unfolded anionic
ssDNA and the polymer and the planar formation. When the specific aptamer
(X1, 5′-GGTTGGTGTGGTTGG-3′) binds to human α-thrombin, α-thrombin
promotes X1 to form quadruplex structure and allows polymer to wrap this folded
structure (Fig. 8B). The folding of the conjugation chain leads to the decrease
of the efficient conjugation length, which leads to the blue shift of the maximum
absorption (λmax = 502 nm). The detection limit by this colorimetric method is
about 1 × 10-7 M. At the same time, the yellow, random-coil form of polymer CP
5 is fluorescent with an emission maximum at 525 nm. When adding nonspecific
thrombin aptamer or the absence of human thrombin, the fluorescence intensity
is highly quenched and the maximum emission is red-shifted due to the highly
conjugated form. When the 1:1:1 complex (human thrombin/specific thrombin
DNA aptamer X1/polymer) is formed, the fluorescence is weaker than the yellow
form but stronger than the red-violet form due to a partially planar conformation
of the PT chain but with less aggregation of the chains. By using fluorescence
method, a detection limit of 1 × 10-11 M in 200 μL for the human α-thrombin can
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be obtained. Later, they improved the method to detect thrombin on solid supports
based on the PT optical transducer and a 3′-Cy3-labeled ssDNA aptamer (40).

Wang’s and Fan’s group developed a simple, highly sensitive, and highly
selective protocol for mercury ion detection by using poly(3-(3′-N,N,N-
triethylamino-1′-propyloxy)-4-methyl-2,5-thiophene hydrochloride) (PMNT, CP
6, Scheme 1) and a mercury-specific oligonucleotide (MSO) probe (41). The
MSO probe, including several thymines (T), readily forms a stem-loop structure
in the T-Hg2+-T configuration (Fig. 8C). PMNT binds to the Hg2+-free MSO
and the Hg2+-MSO complex in different ways, leading to distinguishable optical
properties in response to the target-induced conformational change (Fig. 8C). By
using the fluorometric method, the detection limit can reach nanomolar range (42
nM).

Recently, Fan’s and Huang’s group reported a colorimetric strategy for
sensitive pH-driven conformation change of DNA i-motif structure based on the
different interaction between cationic water-soluble PT derivatives CP 6 and
i-motif, ssDNA structure (42) (Fig. 8A, D).

Figure 8. Schematic illustration of the specific detection of human α-thrombin,
Hg2+ and i- motif structure based on specific ss-DNA and positively charged PT.

Ref (30, 32, 33).
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Protein Sensors

Proteins are a kind of amphiphilic biomolecules consisting of polypeptide
chains typically folded into a globular or fibrous form, and exhibit positive or
negative charge in buffered solution. In comparison with linear DNA constructs,
proteins exhibited diverse hydrophobic and different charged states, which
facilitated the sensor’s design according to CP-protein interaction. Here, we list
several examples based on FRET and conformation effect.

Protein Sensor’s Design Based on FRET Pair

As described in DNA sensors, we can easily design various protein assays
based on the application of CPs-dye FRET pair. For design of protein sensors, QTL
(quencher tether ligand) strategy was developed firstly for detection of avidin. In
addition, some proteins work as specific acceptors in FRET process and quench
the fluorescence of CPs. Thus, various strategies have been used in detection of
proteins, which were listed in following sections.

π-conjugated chains of water-soluble CP allow to quench the fluorescence
of a whole chain by a single quencher (1:n), which is called superquenching and
can provide strong signal amplification in CPs based biosensor by monitoring the
fluorescence change of CPs in the absence and presence of analytes. Worthy of
noting, fluorescence quenching refers to that the fluorescence (energy) of CPs was
transferred to the acceptor and then exhausted in thermal energy. The efficiency
of luminescence quenching is quantified by the Stern-Volmer constant, Ksv. It
was calculated from the equation: F0/F = 1+Ksv[Q], where F0 is the fluorescence
intensity in the absence of quencher, F is the fluorescence intensity in the presence
of quencher.

Whitten’s group observed that the fluorescence of a water-soluble PPV
derivative MPS-PPV with sulfonic acid group (CP 7, Scheme 1), can be very
efficiently quenched by an electron transfer acceptor, methyl viologen due to
the electrostatic attraction between the anionic PPV and cationic viologen and
collective molecular wire effect. The corresponding quenching constant (KSV)
value reaches 1.7 × 107, nearly four orders of magnitude greater than that for
stilbene in micelles and six orders of magnitude greater than that for dilute
stilbene solutions. Based on the superquenching observation, they developed
a biosensor application for avidin detection. A biomolecular ligand biotin was
tethered to viologen (QTL), and the tethered quencher can also efficiently quench
the fluorescence of MPS-PPV. Upon addition of avidin, a specific target to biotin
with high binding affinity, the target avidin binds to the ligand biotin and separates
the PPV and viologen, which results in the recovery of the fluorescence (Fig. 9).
They have demonstrated that nanomolar streptavidin can be detected using this
principle (43). Later, they found that this kind of QTL sensor method for protein
detection could be applied to solid state biosensor. In 2004, Whitten’s group
developed a method to detect protease using QTL method (44).
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Figure 9. Illustration of the QTL sensor mechanism based on water-soluble
CP. Ref (34).

Figure 10. Illustration of assays of AChE activity. Ref (36).

Replacement of biotin-avidin pair with substrate-enzyme pair, Wang’s group
modified the QTL strategy by using a “quencher-tether-substrate” to detect
acetylcholinesterase (AChE) activity and inhibition rapidly and sensitively based
on anionic CP PFP-SO3- (CP 8, Scheme 1). An acetylcholine (ACh) derivative
labeled with quencher dabcyl was used as a substrate for AChE. The strong
electrostatic interaction between positively charged Ach-dabcyl and negatively
charged CP 8 can form a complex, which results in quenched fluorescence of CP 8
by the dabcyl moiety through the transfer of fluorescence resonance energy. Upon
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the addition of AChE, Ach-dabcyl undergoes catalytic hydrolysis to produce a
negatively charged residue that contains the dabcyl moiety. The distance between
dabcyl moiety and CP 8 increases due to the electrostatic repulsion, which results
in the recovery of fluorescence of CP 8 (Fig. 10). The sensor is highly sensitive
and the limit of detection (LOD) of this assay is 0.05 units mL-1. Furthermore,
the inhibition of AChE can also be analyzed with the CP 8/Ach-dabcyl complex,
which provides a new method for screening Alzheimer’s disease (AD) drugs (45).

Very recently, Fan’s and Liu’s group reported a graphene oxide (GO)-based
bioassay for light-up detection of ConA and Escherichia coli (E. coli ) based
on a conjugated oligomer having a high density of α-mannose side chains. In
this assay, mannose tether FBT was used as bioprobe and donor in FRET pair,
while GO was acceptor (quencher). The fluorescence of (4,7-bis(9,9-bis(2-(2-(2-
(2,3,4,5,6- pentahydroxyhexanal)-ethoxy)ethyl)fluorenyl)benzothiadiazole (FBT)
is highly quenched by GOmainly attributed to strong π-π interaction between FBT
and GO. Upon addition of ConA, the fluorescence of FBT increases due to specific
binding between ConA to FBT (Fig. 11). This assay exhibits a linear range of 0-50
nM for ConA and the detection limit 0.5 nM with the GO/FBT probe. They also
applied GO/FBT probe for bacterial detection and obtained better selectivity than
using FBT probe only (46).

Figure 11. Illustration of ConA detection with the GO/FBT hybrid probe.
Reprinted with permission from ref (37). Copyright (2011) WILEY-VCH Verlag

GmbH & Co. KGaA.

Following the QTL strategy and replacing the quencher (MV) using
a fluorescent dye (fluorescein), Wang’s group developed a highly selective
streptavidin detection method based on FRET with positively charged CP and
negatively charged biotinylated fluorescein probe (Fl-B). The strong electrostatic
interactions between CP 2 and fluorescein result in efficient FRET from CP
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2 to fluorescein. In the presence of streptavidin, the biotin moiety of Fl-B
specifically binds to streptavidin and the fluorescein molecule is buried deeply in
the neighboring vacant binding sites. The distance between fluorescein and CP 2
becomes larger, resulting in inefficient FRET from CP 2 to fluorescein (47).

Some proteins exhibit certain quenching ability of the fluorescence of
CPs through their interaction, thus formed a simple protein detection method.
Heeger’s group found that a heme-containing protein cytochrome c (cyt c)
can quench the fluorescence of CP poly[lithium 5-methoxy-2-(4-sulfobutoxy)-
1,4-phenylenevinylene] (MBL-PPV, CP 9, Scheme 1) very efficiently and Ksv
can reach 108 M-1 at pH 7.4. The high quenching efficiency is attributed to a
combination of ultrafast photoinduced ET between cyt c and the luminescent CP
and the formation of bound complexes (static quenching) between the cationic cyt
c and anionic MBL-PPV. By controlling the protein’s charge state the quenching
efficiency can be “tuned” over more than 6 orders of magnitude. This study
provides a new system for protein detection (48). They also applied the charge
neutral complex to study the interaction between antibody and antigen for the
first time (49).

A novel kind of CPs consisting of intrachain FRET pair was designed with
high efficiency FRET and applied for visual detection of proteins. This kind of
water-soluble CPs containing backbones with donor-acceptor architectures has
been developed for direct visual detection. It is based on the fact that interchain
FRET should be more efficient than intrachain FRET because interchain
interactions have stronger electronic coupling and the increased dimensionality
than intrachain interactions.

Based on the principle, Liu’s group synthesized multicolor polymers
containing fluorene segments and 2,1,3-benzothiadiazole (BT) units and
demonstrated that they could be used for the naked-eye detection of proteins. The
mechanism is based on aggregation-induced FRET from the fluorene segments
to BT units. Addition of lysozyme, bovine serum albumin and cyt c to the blue
emission polymer CP 10 (Scheme 1) solution results in a change of emission
color from blue to yellow, green, and dark, respectively. The change in polymer
fluorescent color in the presence of different proteins is due to the variation in
hydrophobic nature, net charge, and the structure among proteins (50). Using
a standard fluorometer, the detection limit for lysozyme is estimated to be 0.2
μM. Recently, they developed a fluorescent sensing method for concanavalin
A (Con A) based on an α-mannose-bearing neutral polyfluorene derivative that
contains 20 mol% BT. Upon addition of Con A, the polymer aggregates and
facilitates energy transfer from the phenylene-fluorene segment and the BT due
to the specific interaction between α-mannose and Con A. The method represents
a linear range for Con A between 1 nM to 250 nM (51).

Wang’s group developed a method to detect the enzyme activity based on BT-
containing water-suluble CP by using the anionic adenosine triphosphate (ATP)
and alkaline phosphatase (ALP) as the substrate and enzyme, respectively. The
cationic polymer interacts with anionic substrate ATP upon addition of anionic
ATP and induces polymer aggregation, which demonstrates intramolecular energy
transfer from the fluorene units to the BT sites and a fluorescence color change
from blue to green. When the substrates are cleaved into fragments by enzyme,
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the electrostatic attraction between the substrate fragment and the CP becomes
weak and causes inefficient FRET from the fluorene units to the BT sites, leading
to the recovery of the blue fluorescence (Fig. 12). The method presents a linear
range from 0 to 1.0 × 10-3 unit μL-1 with a detection limit of 5.0 × 10-5 unit μL-1
for ALP detection with a standard commercial fluorometer (52).

Figure 12. Schematic representation of the assay for enzyme (ALP) and the
cleavage of charged substrates (ATP). Reprinted with permission from ref (43).

Copyright (2007) The Royal Society of Chemistry.

In addition, Liu’s group also realized the multicolor visual protein detection
based on protein mediated distance-dependant FRET between a pair of donor-
acceptor cationic CPEs (53). A pair of donor-acceptor cationic CPEs can not
exhibit efficient FRET in the absence of proteins due to the large distance between
donor and acceptor CPEs. Upon addition of proteins to the CPE blend solution,
FRET efficiency changes in the presence of different proteins due to complex
formation between the CPEs induced by proteins.

Protein Detection Based on Conformational Change of CPs
The Inganäs group synthesized PT derivatives carrying amino acid side

chain and developed many methods to detect polypeptide and protein. Cationic
fluorescent PTs can directly report conformational changes occurring in proteins
or different forms of the same protein (54–58). Conformational changes of
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biomolecules are very important because many diseases are attributed to them.
Conformational changes of biomolecules could lead to different conformations of
the polymer backbone, which leads to the change of the absorption and emission
properties from the polymer. For example, Polymer CP 11 (Scheme 1) has been
utilized to fluorometric detection of calcium-induced conformational changes
in calmodulin and calmodulin-calcineurin interactions (55). In a further step,
they synthesize a regioregular, zwitterionic conjugated oligoelectrolyte to detect
amyloid fibrils in chicken lysozyme using these novel conformation-sensitive
optical methods (54).

Recently, Li’s group developed a colorimetric method for AChE detection
based on a complex between an anionic PT (PT-COO-, CP 12, Scheme 1) and
a cationic surfactant myristoylcholine. The addition of myristoylcholine makes
aggregated PT-COO- disassemble and further addition of AchE into the above
solution led to the reassembly of PT-COO- due to the catalyzed hydrolysis of
myristoylcholine and the collapse of the complex (Fig. 13). The detection limit of
the colorimetric method for AchE can reach 0.2 U/mL (59).

Figure 13. The disassembly reassembly process of PT-COO- in the presence of
myristoylcholine and AChE. Reprinted with permission from ref (46). Copyright

(2011) American Chemical Society.

Heterogeneous Assays
To satisfy the commercialized application of biosensor devices, CP-based

biosensors can also be developed into solid-state biosensors. Polystyrene
particles (60, 61), magnetic microparticle (62), and silica nanoparticles (63–66)
have been developed for heterogeneous biosensor assay. CP-based biosensor
at chip surfaces have also been successfully demonstrated (67, 68). As shown
in Fig. 14, neutral PNA is first immobilized onto the surface, hybridization
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with complememtary ssDNA results in negatively charged surface, electrostatic
forces cause the oppositely charged cationic CP to bind selectively to the
“complementary” surfaces. The polymer fluorescence emission indicates that the
ssDNA is complementary to the surface-bound PNA. A New light-harvesting
CPE microgel has been developed to detect DNA and Enzyme. The microgel can
realize solid phase detection, which shows great potential for biodetection in the
real world (69).

Figure 14. Hybridization of PNA (a) with ssDNA results in an increase of
negative charge at the surface (b), and electrostatic interactions result in

adsorption of the CCP (c).

Other Biological-Revelant Molecules

The design and construction of chemo- and biosensors for detecting
biologically- relevant molecules have received considerable attention in recent
years. In 2005, Shinkai’s group developed a new selective biosensor for ATP
based on a cationic water-soluble PT through electrostatic and hydrophobic
cooperative interactions. The addition of ATP induces the conformation of PT to
be more planar and leads to a pronounced red shift in the absorption maximum
of PT. While other anions such as Cl-, HPO42-, and HCO32-, ADP, adenosine
monophosphate (AMP), or uridine triphosphate (UTP) all have a negligible effect.
In addition, the addition of ATP can quench the fluorescence of PT. The detection
limit for ATP based on fluorescence method was reported to be approximately 10-8
M (70). Wang’s group developed a method for NO detection by using a cationic
CP that contains imidazole moieties, Cu2+ ions, and the target nitric oxide. The
fluorescence of polymer is quenched efficiently by Cu2+ due to the coordination
of polymer with Cu2+ through weak N-Cu interactions. Upon addition of NO,
The fluorescence of polymer recovers because of the transformation of the
paramagnetic Cu2+ ion into a diamagnetic Cu+ ion. The method not only shows
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high sensitivity but also exhibits good selectivity against other biologically
relevant reactive nitrogen species, such as NOBF4, NaNO2, and NaNO3 (71).

Liu’s group developed a strategy for naked-eye detection and quantification
of heparin in biological media. The addition of high negatively charged heparin
interacts with positively charged PT, which induces the conformation and color of
polymer to change. A linear calibration curve is observed in the 0-6.7 U/mL and 0-
2.2 U/mL ranges for heparin quantification in pure water and in fetal bovine serum,
respectively (72). The polymer can show distinguishable color difference between
heparin and its analogues under optimized experimental conditions due to their
lower charge density as compared to that of heparin. In addition, the selectivity
can be improved further by increasing the detection temperature or adding some
organic solvent to the aqueous media due to the decrease the polymer-polymer
interchain π stacking.

New Progress for CPs Properties

In order to improve sensing capabilities, researchers modified the side chain of
CP by using fluorophores with biorecognition capabilities. In 2007, Wang’s group
reported a water-soluble CP substituted with a boronate-protected fluorescein (PF-
FB, CP 13, Scheme 1) for the detection of hydrogen peroxide (H2O2) and glucose
in serum. The FRET from fluorine units to peroxyfluor-1 is absent in the absence
of H2O2 due to the lactone form of peroxyfluor-1. Efficient FRET from the fluorene
units to the fluorescein can occur and generate green fluorescence in the presence
of H2O2 because the peroxyfluor-1 can specifically react with H2O2 to deprotect
the boronate protecting groups. The PF-FB probe can detect H2O2 in the range
from 4.4 to 530 μM (73). At the same time, glucose detection is also realized with
the PF-FB probe in serum because glucose oxidases can specifically catalyze the
oxidation of β-D-(+)-glucose to generate H2O2. Liu’s group also reported a CP
substituted with an intercalating dye thiazole orange (TO) with improved DNA
sensing capabilities (74).

Recently, new progress has appeared to increase the optical
output from CPs, which is called metal-enhanced fluorescence (MEF).
MEF is the use of Fluorophores metal near-field interactions. To
date, MEF from plasmonic nanostructured materials are mainly
silver and gold. Liu’s group demonstrated MEF with water-soluble
Poly[9,9-bis(9-N,N,Ntrimethylammoniumethoxyethoxyethyl)fluorene-alt-4,7-
(2,1,3-benzothiadiazole) dibromide] (PFBT) by exploiting substrates with
underlying Ag NP arrays. In addition, the Ag NP array amplified PFBT emission
can be applied to detect ssDNA with higher selectivity and sensitivity by
using PNA as probe (75). Later, Boudreau’s group realized plasmon enhanced
resonance energy transfer from a CP to fluorescent multilayer core-shell
nanoparticles, which provides great potential for signal amplification schemes
in polymer-based and FRET-based biosensors (76). MEF, as emerging tool
in biotechnology, can improve the sensitivity of the detection. When using
water-soluble CPs as signal probe, the cooperative signal amplification by CPs
and nanoparticles can lower the detection limit further.
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Application of CPs in Bioimaging and Drug Delivery
It is well known that small fluorophores, fluorescent proteins, and quantum

dots have been widely used in bioimaging. Some disadvantages, such as
photobleaching, poor aqueous stability and high cytotoxicity, limit their
application. The limitations provide motivation for designing new fluorescent
nanoparticles for cellular imaging. Although CPs have been widely used for
chemical and biological sensors, their exploitation in cell imaging is seldom
reported, possibly due to the linear geometries of most CPs that affect cellular
uptake process. However, recently, CPEs with hyperbranched structures or
biocompatible long side chains were introduced to cellular imaging. At the
same time, CPNs synthesized using the reprecipitation or miniemulsion method
have established their application in bioimaging because of their unique optical
and chemical features which exhibit small particle diameters, high fluorescence
brightness, excellent photostability, high selectivity and lower toxicity. More
importantly, CPs with hyperbranched structures and biocompatible long side
chains are good carrier, and CPs could carry lots of bioprobe or drug molecules
through covalent coupling and transport them into live cells with high efficiency,
which made the diagnosis and treatment simultaneously possible.

Figure 15. Two-photon excitation microscopy of CP 17 interacting with live
mouse fibroblast cell. Reprinted with permission from ref (60). Copyright (2008)

American Chemical Society.

The CPs have been demonstrated to selectively recognize certain components
in the live cells, which is called passive target interaction. A series of CPs
without specific bioprobe have been synthesized for bioimaging. Björk et
al observed that CPE probes can be used for specific targeting of chromatin,
nuclear and cytoplasmatic vesicles, and cytoskeletal components in a complex
system of cultured cells (77). The PT derivatives including anionic, cationic,
and zwitterionic form (CP 14-16) can target lysosome-related acidic vacuoles in
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cultured primary cells but can not target that in transformed cells. The mechanism
and the detailed molecular state of the polymer in the cytoplasmatic vacuoles
remains elusive and needs to investigate further (77). Bun’s group found that
a carboxylated-PPE (CP 17) could selectively bind and image the extracelluar
matrix protein fibronectin of live fibroblast cells through multiple nonspecific
interaction (polyvalent interactions) between CPs and cells (78), (Fig. 15) which
explored a new way to specific bioimaging and contributed to the mechanism of
uptake of CPs in live cells.

In order to improve the brightness and the cell uptake behavior of CPs, the
CPs-based nanoparticles (CPNs) are designed and synthesized. Up to now, CPNs
exhibited great potential in bioimaging, biosensing and nanomedicine due to
their straightforward synthesis, tunable size and optics, excellent compatibility
and low toxicity. More importantly, the CPs-based dots (<4nm) exhibit great
excellent performance for biosensor and bioimaging since the dots possess the
highest brightness/volume ratios of any nanoparticles tolerate through combining
a number of favorable characteristics of CP molecules. Some papers reviewed
the preparation and application of extremely bright CPdots (79, 80). We list
several examples of application of CPNs in bioimaging, and most of them were
found to be internalized through endocytosis way and localized some component
through passive target interaction. Moon et al designed an amine containing PPE
CPNs (CP 18, Scheme 1) for live-cell imaging. The CPNs exhibit high resistance
to photobleaching, which are cell permeable and accumulate exclusively in the
cytosol without any measurable inhibition of cell viability (81). McNeill’s group
designed a variety of CPdots (PPE (CP19), PFPV (CP 20), PFBT (CP 21), and
MEHPPV (CP 22)) which are promising for demanding fluorescence applications
such as single molecule tracking in live cells and highly sensitive analysis
because these nanoparticles exhibit extraordinary brightness, high emission rates
and small particle diameters (82) (Fig. 16). These dots could be internalized
by J774.A1 macrophages through pinocytosis way. And the selection of the
cell system is based on the ability of macrophages to efficiently ingest cellular
debris, pathogens, and small particles such as CPdots. Later, they reported
energy-transfer-mediated phosphorescence from metalloporphyrin-doped
polyfluorene nanoparticles and its application to biological oxygen sensing. The
nanoparticles were characterized with high density of chromophores (about 700
phosphorescent chromophores per particle with 25 nm size). They observed
the cellular uptake of these doped CPdots by incubating J774.A1 cells with
CPdots. Extraordinary brightness and single-particle sensing and cellular uptake
demonstrated that doped CPdots is promising for quantitative detection of
molecular oxygen levels in living cells and tissue (83). Recently, Zumbusch and
Mecking’s group reported the preparation of aqueous nanoparticle dispersions
by sonogashira coupling and their behavior and imaging in cells. The emission
of the particles can be tuned, which allows for differentiation of the location
of different particle species in cells (84). Fernando et al demonstrated the
mechanism of cellular uptake and cytotoxicity of highly fluorescent CPNs
poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-{2,1′,3}-thiadazole)] (PFBT)
in J774A.1 cells. The nanoparticles can efficiently enter into the cell via
endocytosis with no significant cytotoxic or inflammatory effects, making
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PFBT nanoparticles attractive probes for live cell imaging (80). Kim et al have
constructed cyanovinylene-backboned conjugated polymer dot nanoparticles
(cvPDs) with near-IR (NIR) emission (CP 23, Scheme 1) as in vivo nanoprobes
to real-time sentinel lymph node (SLN) mapping in a mouse model. The
effective SLN mapping with NIR-cvPDs provides a possibility for real-time
optical guidance, which may help surgeons during surgery (85). He’s and Li’s
group applied self-assembly of CP-Ag@SiO2 hybrid fluorescent nanoparticles
to cellular imaging. Core-shell nanoparticles with silver nanoparticles core
show MEF property compared with nanoparticles without silver cores. The
nanocomposite exhibits good monodispersity and low cytotoxicity and can image
A549 lung cancer cells (86). Very recently, Tan et al synthesized robust and
bright fluorescent nanoparticles by encapsulating CPs in silica-shell cross-linked
polymeric micelles (CP-SSCL) via a benign bioinspired silification process.
The nanoparticles can image in cytoplasm region surrounding the nuclei of the
MDA-MB-231 breast cancer cells via uptake of the CP-SSCL (87).

Figure 16. Differential interference contrast (DIC) images (top), and fluorescence
images of macrophage cells labeled with PPE, PFPV, PFBT, and MEHPPV
dots, respectively. Reprinted with permission from ref (64). Copyright (2008)

American Chemical Society.

Similarly, a fluorescent single-molecular core-shell nanosphere of
hyperbranched CPE (HCPE, CP 24) was designed for live-cell imaging, and
this kind of nanospheres could be internalized by cells and accumulated in
the cytoplasm of breast cancer cell MCF-7. The HCPE intrinsically forms
single-molecular core-shell nanosphere with an average diamater about 11 nm,
which possesses high quantum yield, good stability and low cytotoxicity (88).

Recently, Wang’s group synthesized a new fluorescent nanoparticle based
on lipid-modified cationic poly(fluorenylene phenylene) (PFPL, CP 25 in Fig.
1). The lipid was incorporated as a side chain due to its biocompatibility and
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entering ability into the cytoplasm, and the PFPL is amphiphilic, biocompatible
and shows photostability and little cytotoxicity. It can easily enter the cytoplasm
via endocytosis and is a good candidate for cell imaging. Furthermore, PFPL
particles can work as a good carrier and successfully deliver plasmid (pCX-EGFP)
into lung cancer cells (A549) for transcription and translation (Fig. 17) (89), which
will be described in following section.

Figure 17. (a) The overlap image of phase contrast and fluorescence of A549
cells treated with (a) PFPL nanoparticles and (b) PFPL/pCX-EGFP complex.
Reprinted with permission from ref (71). Copyright (2009) The Royal Society

of Chemistry.

For multi-color imaging, Wang’s group prepared multicolor CPN-encoded
microparticles based on the self-assembly of a noninvasive bacteria (E. coli)
and CPNs, and the biological membrane of an E. coli cell was used to construct
particles due to it’s composition (mainly lipid and protein). The amphiphilic CPs
could bind to the outer surface membrane of E. coli cell through electrostatic
attractions and hydrophobic interactions, which kept three polymers in close
proximity to allow efficient intermolecular FRET. These particles exhibit low
toxicity towards cells and have been successfully applied for cell imaging and
optical barcoding. Their study open a new door in preparing multifunctional
structures based on the self-assembly of living organism with functional materials
(90). They also synthesized a new red-emissive CP (PBF) containing fluorene
and boron-dipyrromethene repeat units in the backbones, which can form
nanoparticles with negatively charged disodium salt 3,3′-dithiodipropionic acid
(SDPA) via electrostatic interactions. In addition to the optical imaging capability,
the nanoparticles can be used to kill bacterial and cancer cells through sensitizing
the oxygen molecule to readily produce reactive oxygen species (91).

For above mentioned strategies, a lot of papers concerning design and
application of CPNs have been published. However, the specific localization for
certain target was urgently required in clinic diagnosis and treatment. Conjugation
of CPs with bioprobes, including DNA, protein, peptide, small biomolecule, was
a good solution for target imaging. Folic acid (FA) was the mostly used bioprobes
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for scientists, owing to the simple molecule structure, good stability and high
specificity for FA-receptor over-expressed in malignant tumor cells. On the basis
of well-designed CPs and CPNs, scientists developed target imaging using the
CPs-FA complexes.

Bun’s group modified the side chain of PPE using an anionic FA to realize
targeted cellular imaging . The fluorescent polymer (CP 26) is photochemical
stable and shows low cytotoxicity and can target and image KB cancer cells in
vitro with high selectivity through receptor mediated uptake while its counterpart
without FA groups did not stain KB cancer cells (92). The conjugation of FAs
on the surface of CP-SSCL was investigated by Tan et al, and they observed
that the cellular uptake and target imaging was improved significantly, which
implied great potential for targeted imaging and early detection of cancer
cells (87). Liu et al developed the far-red/near-infrared (FR/NIR) cellular
imaging by using (FR/NIR) CPE backbone and poly(ethylene glycol) (PEG)
side brushes with FA groups (CP 27, Scheme 1). This kind of polymer can
self-assemble into a core–shell nanostructure in aqueous medium with an average
size about 130 nm, which exhibits high quantum yield, high photostability, low
cytotoxicity and reduced nonspecific interactions with biomolecules due to the
shielding effect of PEG. It allows for effective visualization and discrimination
of MCF-7 cancer cells from NIH-3T3 normal cells (93). They also reported
conjugated oligoelectrolyte-polyhedral oligomeric silsesquioxane (COE-POSS)
loaded and pH-triggered chitosan/poly(ethylene glycol) nanoparticles with FA
functionalization for targeted imaging of cancer cell nucleus (94).

Chiu’s group has done much work on bioimaging field using CPNs and
bioprobes (chlorotoxin, streptavidin, and IgG etc). For example, they developed
methods to form polymer dot bioconjugates based on entrapping heterogeneous
polymer chains into a polymer dot particle. Streptavidin and IgG were used to
localize the target component of cells, and these bioconjugates were identified as
specific and effective in labelling cell surface receptors and subcellular structures
in both live and fixed cells (95). More recently, they designed a polymer-blend
nanodot (PBdot, a visible-light-harvesting polymer as the donor and an efficient
deep-red emitting polymer as the acceptor) system that consists of donor-acceptor
polymers for in vivo tumor targeting. They covalently conjugated the PBdot to
a peptide ligand chlorotoxin (CTX, a tumor-targeting ligand), and demonstrated
their specific targeting to malignant brain tumors by biophotonic imaging,
biodistribution, and histological analyses. The PBdots have an average diameter
of about 15 nm and exhibit high fluorescence quantum yield, which is the
brightest nanoprobe at present among various fluorescent nanoparticles of similar
size. This method provides a new nanoparticle-based diagnostic and therapeutic
platform for clinical cancer diagnostics (96).

In addition to conjugation bioprobes, the CPs-based Nanoparticles were also
excellent carriers for drug molecules and worked as a cargo to transfer the drug
to target position. Thus, the CPs have been applied for efficient delivering high
quantity of drug molecules (including DOX, cisplatin). Wang’s group prepared
a new CPN combining assembly of cationic CP PFO (CP 28, Scheme 1) and
anionic poly (L-glutamic acid) conjugated with anticancer drug doxorubicin
(PFO/PG-Dox) with the size of about 50 nm, which can be used for live-cell
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imaging (97). The fluorescence of the nanoparticle is highly quenched by Dox
through electron transfer while recovers when the nanoparticles are exposed
to carboxypeptidase or are taken up by cancer cells due to the hydrolysis of
poly(L-glutamic acid). This multifunctional complex system can deliver Dox
to targeted cells, detect the Dox release and image the cancer cells (Fig. 18).
Their work shows good prospect for CP in simultaneous imaging and disease
therapeutics. In 2011, they synthesized a new amphiphilic conjugated PT
derivative (PT-Boc) to image human lung epithelial (A549) cells with good
photostability and little toxicity. They linked the anticancer drug cisplatin to PT
to obtain a conjugate PT-Pt and showed ability to monitor cellular distribution of
cisplatin by fluorescence microscopy (98). Liu’s group then reported a molecular
brush based CPE-poly(ethylene glycol)-cisplatin nanoparticle (CPE-PEG-Pt)
formulation as a FR/NIR fluorescent probe for in vivo imaging and cisplatin
tracking in nude mice (99).

Figure 18. (a) Schematic illustration of PFO/PG-Dox complex system. (b)
Schematic representation of uptake of the electrostatic complex nanoparticles
into cancer cell, hydrolysis of poly(L-glutamic acid), release of Dox and recovery
of the fluorescence of nanoparticle. Reprinted with permission from ref (79).

Copyright (2010) American Chemical Society.
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Conclusion

Water soluble fluorescent CPs and CPNs have been intensively studied
for biosensor and bioimaging application due to their extraordinary signal
amplification ability. Compared with other amplification technologies, the
application of CPs and CPNs is simple and cost-effective. In this review, we
discussed their applications on DNA, protein, other biological-revelant molecules
detection and fluorescent imaging. As shown above, there has been tremendous
progress in this field. Many detection methods with high sensitivity and selectivity
based on water-suluble CPs have been established. Fluorescent imaging based on
CPNs with high fluorescence brightness, excellent photostability, high selectivity
and lower toxicity has been intensively explored. Nevertheless, there is much
to be improved in this field. For example, the sensing mechanism based on
the water-soluble polymer needs to be studied further. New efficient FRET or
superquenching system needs to be explored. Increasing attention should be
taken in the technology of protein array or chip with high selectivity, especially
in detection of protein markers related with diseases. The synthesis of new
fluorescent CPs that embodies multifunctional recognition side chain for new
biological sensor and imaging application is also in high demand. Last but
not least, how to improve their biocompatibility, decrease self-quenching and
realize detection in situ is another major concern. For most applications of
CPs in bioimaging and drug-delivery, most of them are focused on passive
target through endocytosis way, while relatively less work explored active
target and transportation by conjugation of bioprobe and drug molecules with
CPs. It is still a long way to accurately localize target cells and act function of
CPs-bioconjugates, as well as recognize their biodistribution and metabolism.
It is envisaged that linkage of both bioprobes and drugs might be a nice way to
simultaneous perform bioimaging and disease treatment for clinical theranostics
(therapy and diagnostics).
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Chapter 5

Biomolecular Recognition: Nanotransduction
and Nanointervention

Elizabeth Crew, Stephanie Lim, Hong Yan, Shiyao Shan,
Jun Yin, Liqin Lin, Rameshwori Loukrakpam, Lefu Yang,

Jin Luo, and Chuan-Jian Zhong*

Department of Chemistry, State University of New York at Binghamton,
Binghamton, New York 13902, U.S.A.
*E-mail: cjzhong@binghamton.edu

Detecting or intervening in biomolecular processes for medical
diagnostics, drug delivery, and bacterial inactivation requires
a functional probe which interfaces not only the targeted
biomolecules but also provides an external stimulus. Metal
nanoparticles serve as such functional probes. A key challenge
is the ability to tailor the size, compositiosn, urface, and
magnetic properties for a controllable biomolecular recognition,
biocompatibility, toxicity, transduction, and intervention. Gold
or silver based nanoparticles enable effective biomolecular
recognition, biocompatibility and transduction, which, upon
introducing a magnetic component as the core, impart
intervention capability and reduced toxicity. This Chapter
highlights a few examples in recent explorations of such
biomolecular recognition. The nanoparticles are effective in
probing DNA assembly for protein binding/cutting processes
relevant to the DNA binding protein p53. The nanoprobes
are also effective in delivering miRNAs to multiple myeloma
cells for cell transfection and gene knockdown studies.
For biologically relevant thiol-containing amino acids, the
nanoprobes function not only as a detection platform, but also
a driving force for chiral recognition. The magnetic core-shell
nanoparticles enable an effective bio-separation function in

© 2012 American Chemical Society

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
N

ov
em

be
r 

27
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 N
ov

em
be

r 
26

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
2.

ch
00

5

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



protein recognition and bacterial inactivation. Each of the
examples demonstrates the important role of the nanoprobe
functionality in nano-transduction and nano-intervention of
biomolecular recognition.

Introduction

The use of nanoparticles for the detection, manipulation, targeting or transport
of biomolecules is a topic of broad interest having important applications in many
different areas, including biosensing, medical diagnosis, and treatment of disease.
Since the pioneering work by Mirkin and co-workers (1–3), there has been an
explosion of research in explorations of gold based nanoparticles (Au NPs)
coupled with DNA, RNA, and other biomolecules for drug delivery (4–6), disease
detection and treatment (4, 6–9), bio-sensing (5, 10–12), materials synthesis
(13–15), tissue engineering (16, 17) and many other applications (17–21). The
study of silver based nanoparticles (Ag NPs) have also attracted increasing
interest in exploiting their antimicrobial properties, including wound dressings
for antimicrobial action (22, 23), mechanistic studies of biological responses (24),
ecotoxicity on sea animals (25), and shape-dependent antibacterial activity (26).

The interests in exploiting nanoparticles and nanoparticle assemblies for
recognition of various functional molecules and biomolecules largely stem from
their unique electrical, optical, magnetic, catalytic properties, in addition to
the inherent high surface area to volume ratio and the emergence of collective
and nanoscale properties. The incorporation of macromolecules into metal or
semiconductor nanoparticles have been demonstrated to produce interesting
photo-induced charge transfer and separation properties (27, 28). The tunable
electrical properties of thin film assemblies of metal nanoparticles mediated
by bifunctional mediators have been shown to function chemically sensitive
materials for chemical sensors (29–34). Other functional materials make use of
the optical properties of nanoparticles and assemblies such as light scattering
and surface plasmon resonance (35–38). In addition, understanding how the
functional properties correlate with the interparticle molecular interactions
is very important for designing novel nanoparticle assemblies (32, 39, 40)
mediated by thiol-containing amino acids (41–43), dyes (44) and fullerenes (45,
46). These mediators provide well-defined structures or optical/spectroscopic
signatures for manipulating the interparticle structural properties (47). For
example, the study of how surface enhanced Raman scattering (SERS) effect of
molecules on Au and Ag NPs is related to interparticle “hot spots” or enhanced
plasmonic coupling field has captured growing interests in both experimental
and theoretical investigations (48–50). There have been increasing examples
focusing on labeling protein-functionalized gold and magnetic nanoparticles
for detecting specific antibody/antigen binding events (51, 52), and exploiting
Au-coated magnetic core@shell nanoparticles (M@Au NPs) and assemblies
(53–55) for spectroscopic bioassay coupled with magnetic bio-separation.
Each of these studies involves the design of metal nanoparticles, which either
interface directly with the targeted biomolecules to produce electrical, optical or
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spectroscopic signals, or provide a magnetically or optically responsive platform
to biomolecular interactions and reactivities. To achieve these functions, a key
challenge is the ability to tailor the size, composition, surface, and magnetic
properties for a controllable biomolecular recognition, biocompatibility, toxicity,
transduction, and intervention, which has become one of the important focal areas
of nanotechnological and biotechnological research activities in recent years.

In this Chapter, we highlight several areas of our recent studies aimed at
addressing the challenges in biomolecular recognition using metal nanoparticles.
First, some insights into the reactivity of a restriction enzyme on p53-recognition
DNA-mediated assembly of Au NPs will be discussed, in relation to the
development of nanoprobe strategies for detecting p53 protein recogniton (56,
57). Second, the exploitation of Au NPs as a vehicle for conjugating miRNAs
will be discussed, which has implications for the development of controlled
delivery in cell transfection studies (58). Third, assemblies of Au NPs mediated
by thiol-containing amino acids, small peptides and proteins will be discussed,
focusing on the control of interparticle molecular interactions for developing
effective bioassay strategies (42, 43, 51, 52, 59, 60). Last, the exploitation of silver
coated magnetic nanoparticles as functional antibacterial agents will be discussed,
which has implications for potential control or reduction of nanoparticle induced
toxicity to human health (61).

Enzymatic Reactivity on p53 Recognition DNA-Mediated
Assembly

Extensive research efforts have been aimed at understanding the DNA-based
nanoparticle assemblies (62–86), in which Au NPs are often used for detecting
certain enzymes and proteins associated with diseases and pathogens through
changes in the optical properties of the nanoparticles. One of the most widely
studied DNA binding proteins, in relation to cancer, is the p53 protein, mutations
of which are found in more than 50% of all tumors (87). A scintillation
proximity assay was recently used to analyze several known p53 recognition
sites, specifically the mdm2, p21 and cyclin G genes, which provided important
insights for understanding the role DNA transcription plays in diseases such as
cancer (88).

The assembly of Au NPs by complimentary-strand binding of DNAs,
designed using the cyclin G promoter sequence (88), has recently been
demonstrated (56). As conceptually illustrated in Scheme 1, the top and bottom
single-stranded DNA (ss-DNA) are conjugated to Au NPs. The interparticle
complimentary binding of the top and bottom DNAs leads to the formation of a
double strand in between Au NPs, which provides a p53 recognition site.

One approach to probing the interactions and reactivities of the
double-stranded DNAs (ds-DNAs) that are associated with the interparticle
properties of the nanoparticle assembly is based on restriction enzyme cutting
(56). For example,MspI is a restriction enzyme that cuts the ds-DNAs at a specific
site. As illustrated in Scheme 2, the complementary bound DNAs in the assembly
of DNA-Au NPs can be cut by an enzymatic reaction at a specific site. Upon
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assembly of the nanoparticles via complementary binding of DNAs, the restriction
enzyme can be added to the assembly solution. If the cutting were achieved,
disassembly would occur. A difference of the disassembled nanoparticles from
the assembled nanoparticles would be detectable by spectroscopic techniques.

Scheme 1. Illustration of the assembly of top strand (black) and bottom strand
(red) through complementary strand binding of DNAs designed using the cyclin

G promoter sequence for p53 recognition

Scheme 2. A schematic diagram (not to scale) illustrating the disassembly of
the DNA-AuNPs assembly using MspI restriction enzyme and a subsequent
detachment from Au NPs. Also included is the specific DNA sequence and
a diagram showing the MspI cleavage site. (Adapted with permission from

reference (56). Copyright 2008 American Chemical Society.)

One method to confirm the cutting is to analyze the cut DNA strands by gel
electrophoresis. Typically, the addition of EDTA to the solution should inactivate
the enzyme, and the addition of DTT should detach the nanoparticles from the
DNAs (80–83). The released DNAs can then be analyzed using polyacrylamide
gel electrophoresis separation. Indeed, the disassembly of the DNA-assembled Au
NPs was demonstrated using a restriction enzyme, MspI, with a recognition site
on the target DNA. The observed digestion is shown in Figure 1.
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Figure 1. Gel electrophoresis of cut DNAs from the DNA-AuNPs assembly.
Assembled DNA-AuNPs (51 μL) treated without (lane 1) and with 300 units
of the MspI restriction enzyme for 0 (lane 2), 1 (lane 3), 5 (lane 4) and 7 hrs
(lane 5). The arrow and arrowhead mark the positions of uncut and cut DNAs,
respectively. (Adapted with permission from reference (56). Copyright 2008

American Chemical Society.)

As shown in Figure 1, in the presence of MspI, cutting of the ds-DNA
assembled nanoparticles was observed in a time dependent manner. The smaller
DNA bands that appear, in lanes 3-5, during enzyme digestion correspond to
the fragments produced when the free oligonucleotides are cleaved. The MspI
induced cutting of the assembled DNA-nanoparticles is similar to the observation
reported previously for a DNA-nanoparticle assembly system using EcoRI and
other restriction enzymes (80–83).

A similar study with a different approach to the cutting has also been
demonstrated, which involved colorimetric detection of enzymatic cleaving
and oxidative stress of DNA (57). The fact that DNAs adsorbed on AuNPs
prevent salt induced aggregation of AuNPs; which was exploited for colorimetric
detection. When the DNAs are subjected to enzymatic cleavage or oxidative
damage fragmentation occurs, leading to a detectable colorimetric change (57).

In our latest work, we have demonstrated the ability of surface enhanced
Raman scattering (SERS) detection of the DNA-mediated assembly and the
enzymatic cleavage processes. In this approach, a Raman active molecule,
mercaptobenzoic acid (MBA), is labeled on selected Au NPs (47, 51, 52). The
formation of interparticle “hot spots” during the DNA-mediated assembly of Au
NPs with the labeled Au NPs leads to an enhancement of the Raman signals at
the characteristic wavenumbers. When an enzyme is used to cleave the assembly,
the number of “hot spots” decreases, leading consequently to a decrease of the
Raman signal, as shown in Figure 2, the detected diagnostic bands of MBA label
(a) provides a measure of the assembly of AuNPs by the DNAs, whereas the
reduced SERS intensity (b) serves as a gauge of the cleaving of double strand
DNAs in the assembly by restriction enzyme.

123

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
N

ov
em

be
r 

27
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 N
ov

em
be

r 
26

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
2.

ch
00

5

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Figure 2. SERS spectra showing a solution sample of the DNA-AuNPs assembly
before (a) and after restriction enzyme cutting (b). Some AuNPs are labeled with

MBA as a Raman reporter molecule.

The oligonucleotide-complementary binding in the assembly processes is
shown to be an effective strategy for the assembly of Au NPs. Cutting the
DNA-assembled Au NPs using a restriction enzyme is shown to be a viable
strategy for probing the interparticle properties. Further delineation of the
quantitative aspects of the assembly and cutting processes, and the use of this
strategy for bioassays of p53 recognition is part of our on-going efforts.

MicroRNA-Conjugated Gold Nanoparticles for Cell
Transfection

There has been increasing interest in delivering small strands of RNA, e.g.,
microRNA (miRNA), into cells for genetic manipulation or cellular marking
(89–107). The association of miRNA with mRNA (messenger RNA) has been
identified in relation to cancer treatments (92), such as the resistance of multiple
myeloma (MM) to glucocorticoid treatment (99). Au NPs have been utilized for
the delivery of siRNA (small interfering RNA) into cells for efficient knockdown
of target genes without significant cytotoxicity (98, 108). This type of delivery
vehicle exploits the unique optical properties (3), low cytotoxicity (108, 109),
and enhanced lifespan in the blood stream (110) of Au NPs for cancer treatment
or repression of certain genes (111). The importance of miRNA in the treatment
of cancer and for the manipulation of genetic expression has been demonstrated
recently (99–101). For instance, miR-130b was found to be expressed differently
in glucocorticoid-sensitive versus glucocorticoid-resistant MM.1 cell lines. The
over-expression of miR-130b in the MM.1S cell line decreases the expression
of a glucocorticoid receptor protein (GR-α), inhibiting glucocorticoid-induced
apoptosis of cells, which causes resistance to glucocorticoids (99).
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While the delivery of miRNA into cells has used various NPs as carriers (95,
96) and other systems (97, 98), the immobilization ofmiRNAs on the nanoparticles
followed by testing cell transfection had not been demonstrated. Similar to the
protocol developed for immobilizing siRNA on Au NPs (103), Scheme 3 shows
several steps for the conjugation of miRNAs (miR-130b) to Au NPs through their
use in cell transfection that was demonstrated recently in our laboratory.

Scheme 3. Illustration (not to scale) of the preparation of miRNA-AuNP
conjugates for delivering miRNAs to cells (miRNA is labeled with fluorescent
dyes (e.g., Cy3 or Cy5)). (Reproduced with permission from reference (58).

Copyright 2012 American Chemical Society.)

For the visualization of the cell transfection, the conjugation of miRNA to
Au NPs involved immobilization of Cy5 (or Cy3) labeled miR-130b on the Au
NPs (miRNA-AuNPs) (58). The conjugated dye label could also be detected
using SERS (50, 52, 112). The assessment of the conjugation and stability of the
nanoparticles was performed using agarose gel electrophoresis. This technique
takes advantage of the highly charged nature of miRNAs for Au NP mobility.
As an example of the gel electrophoresis analysis, Figure 3 shows a set of data
comparing samples of unmodified AuNPs, miRNA-AuNPs and those treated
with bis(p-sulfonatophenyl)phenylphosphine (BP). BP is a negatively charged
surfactant often used for increasing the surface charge of NPs (52).
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Figure 3. Photo showing the agarose gel electrophoresis: Lane 1: citrate-capped
AuNPs; Lane 2: citrate-capped AuNPs after ligand exchange with BP; Lane 3:
miRNA-conjugated AuNPs; and Lane 4: miRNA-conjugated AuNPs after ligand
exchange with BP. (Reproduced with permission from reference (58). Copyright

2012 American Chemical Society.)

As shown in Figure 3, the mobility of Au NPs depends on their surface
charges. For the citrate-capped Au NPs, the nanoparticle stayed in the well
(lane 1), indicating the insufficient charges on the NPs. When the citrate-capped
Au NPs are modified with BP, i.e., BP-AuNPs, via ligand-exchange reaction,
a high mobility is evident (lane 2), which is consistent with the high surface
negative charge of BP-AuNPs. When the Au NPs are capped with miRNAs,
i.e., miRNA-AuNPs, a relatively high mobility is observed (lane 3), which is
consistent with the high negative surface charge of miRNA-AuNPs. When
surface ligand exchange reaction is performed with miRNAs-AuNPs and BPs in
the solution, no effect on the mobility is observed (lane 4), indicating the absence
of such surface exchange reactivity. This finding provides an important piece of
evidence supporting the stability of the miRNA-conjugated Au NPs.

The miRNA-conjugated Au NPs were demonstrated to be viable for cell
transfection. Samples of the miRNA-AuNPs were tested in cell transfection
using a multiple myeloma cell line (MM.1S). The clear uptake of the conjugated
nanoparticles was evidenced by the presence of Cy5-miRNA-AuNPs (Figure
4A) and Cy3-miRNA-AuNPs (Figure 4B) in the MM.1S cells. The clear
contrast in the images is due to fluorescence from the entrance of the dye-labeled
miRNA-AuNPs.
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Figure 4. Confocal/fluorescent composite microscopic images of the MM.1S
cells 48 hours after transfection was initiated with Cy5-labeled miRNA-AuNPs
(A, with two different magnifications), and Cy3-labeled miRNA-AuNPs (B).
(Reproduced with permission from reference (58). Copyright 2012 American

Chemical Society.)

Functional luciferase assays were performed to quantitatively determine if the
miRNA delivered into the cells by the AuNPs was capable of reducing luciferase
expression.

Figure 5. Plots showing the results of the functional luciferase assays for Cy5
labeled miRNA-AuNPs (right bars), Cy3 labeled miRNA-AuNPs (left bars), and a
mimic system (insert chart). (Reproduced with permission from reference (58).

Copyright 2012 American Chemical Society.)

127

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
N

ov
em

be
r 

27
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 N
ov

em
be

r 
26

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
2.

ch
00

5

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Figure 5 shows the results of these assays. While little biological effect was
observed at low concentrations, the increase of the concentration to 2 nM Cy5-
miRNA-AuNPs led to an observable reduction in gene expression. The reduction
in gene expression scales with the concentration of miRNAs.

The miRNA-AuNP solution contained ~15 miRNAs per nanoparticle in the
luciferase knockdown. The surface coverage was apparently smaller than that
reported for siRNA conjugated AuNPs (~33 siRNAs per particle (103)). Based on
a comparison of the knockdown efficiencies between siRNA-AuNPs (~20% at 48
hours (103)) and miRNA-AuNPs (~40% at 48 hours), it appeared that the miRNA-
AuNPs were somewhat more efficient at a much lower concentration (103).

Transfection of the miRNA-AuNPs in multiple myeloma cells is clearly
demonstrated. However, to design the miRNA-conjugated Au NPs as effective
biosensing and targeting probes, further studies using Au NPs of different
sizes and with high miRNA surface coverages are needed to determine the
concentrations needed for a high-efficiency knockdown.

Assemblies Mediated by Amino Acids, Small Peptides, and
Proteins

The study of the interactions between biologically relevant molecules, such
as amino acids, small peptides and proteins, and nanoparticles has attracted
interest because of potential applications as nanoprobes for sensors, biosensors,
and biomedical diagnostics (2, 51, 77, 113–118). In this section, the assembly of
Au NPs by thiol-containing amino acids and small peptides are first described as
potential nanoprobes for their detection (42, 43, 60), highlighting the discovery
of chiral recognition in these systems (59). This description is then followed
by discussion of the assembly of M@Au nanocomposite particles as functional
nanoprobes for protein recognition (51, 60).

Assemblies Mediated by Thiol-Containing Amino Acids and Small Peptides

Thiol-Containinamino acids, such as cysteine (Cys) and homocysteine
(Hcys), and small peptides, such as glutathione (GSH), are important biomolecules
(36, 42, 43, 59–61). A level of Hcys, in both reduced and oxidized forms, above
the normal range in blood (5~15 μM) is used as an indication of cardiovascular
disease and other medical disorders. Figure 6A-B show a set of surface plasmon
resonance absorption and dynamic light scattering data demonstrating the Hcys-
and Cys-mediated assembly of Au NPs (42, 58). Interparticle, zwitterion-type,
electrostatic interaction of the amino acids attached via thiol group on the surface
of Au NPs has been proposed for the interparticle assembly, which can also
be disassembled upon increasing pH or at elevated temperature. This type
of interparticle interactions could be exploited for developing a colorimetric
or fluorimetric nanoprobe in detecting the amino acids (e.g., homocysteine
thiolactone (119)).
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Figure 6. Assemblies of gold nanoparticles mediated by Hcys (A), Cys (B) and
GSH (C). (A) Zwitterionic interaction and the change of Dh for Hcys-Au NP

assembly/disassembly. (B) Interparticle chiral recognition and the apparent rate
constants for assembly of D- and L-Cys enantiomers. (C) Hydrogen-bonding
interaction and the change of Dh for GSH-Au NP assembly/disassembly.

(Reproduced with permission from reference (60). Copyright 2009 American
Chemical Society.)

In contrast to Hcys and Cys, the interparticle interactions in the assembly
of Au NPs by glutathione (GSH), a tripeptide containing a cysteine, a glutamic
acid and a glycine moiety with an SH group which acts as a reducing agent or
antioxidant in biochemical processes, was found to involve primarily hydrogen-
bonding. As such, the assembly and disassembly processes can be finely tuned
by pH and monitored by the evolution of surface plasmon resonance bands and
hydrodynamic sizes of the nanoparticle assemblies (Fig. 6C) (43).

One remarkable finding is the chiral recognition of cysteines driven by the
Au NPs (Fig. 6B) (59). Understanding molecular chirality of basic amino acids
has important implications in medicine for specific targeting. Cys is essential to
the function of many proteins and enzymes. Scheme 4 shows a structural model
to illustrate our nanoparticle-regulated pair-wise zwitterionic interactions using
enantiomeric cysteines adsorbed on Au NPs as a model system. A hypothetical
quasi-plane is drawn in Scheme 4 to illustrate the interparticle zwitterion
interaction of different chiralities (L and D). Three possible interactions would
include two homochiral (LL and DD) and one heterochiral (DL) modes. Both
thermodynamic considerations and computational modeling results also suggest
that there are differences between interparticle homochiral and heterochiral
interactions. This type of interparticle chiral recognition serves as another
intriguing example of nanoparticle-directed biomolecular recognition.
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Scheme 4. A model for the interparticle pair-wise zwitterionic interactions
(not to scale). A hypothetical quasi-plane is drawn for illustrating the relative
positions of the amino acid groups. The particles are either on the same or

opposite sides of the quasi-plane. (L-, D-cysteines: HSCH2C*H(NH3+)CO2-, C*:
chiral center). (Reproduced with permission from reference (59). Copyright 2009

American Chemical Society.)

The interparticle pair-wise zwitterionic interaction of the cysteines adsorbed
on Au NPs leads to the assembly of the nanoparticles via cysteine-cysteine
linkages, which is characterized by the change of the surface plasmon (SP)
resonance band of Au NPs in the visible region (47, 120–122). Cysteines were
introduced into a solution of Au NPs of 13 nm diameter (Au13nm), and the SP
band showed a decrease in absorbance at 520 nm and an increase in the ~630 nm
region (Figure 7).

During this spectral evolution, the display of an isosbestic point at ~540 nm
reflects the presence of twomain species, the unlinked nanoparticles and the linked
nanoparticles in the assembly. Based on a first-order reaction model, the apparent
rate constants (k) obtained by curve fitting of the SP band evolution are found to
show a significant difference between the interparticle homochiral and heterochiral
assemblies. The k values for the LL and DD assemblies are found to be ~1 order
of magnitude greater than that for the DL assembly (50% L and 50% D).
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Figure 7. Plots of the SP band absorbance (at 630 nm) as a function time for
assemblies of Au13nm in the presence of LL- (•), DD- (▪), and DL- (▴) cysteines.
The dotted lines represent curve fitting by a 1st order reaction model (y =
a(1-e-kt)) which yields k(LL)= 1.6 x10-3 s-1, k(DD)= 1.6 x10-3 s-1, and k(DL)= 3.4
x10-4 s-1. Inserts: UV-Vis spectral evolution for the Au13nm mediated assembly
of LL- (a), DD- (b) and DL- (c) cysteines (pH = 6.2). The arrows indicate the
direction of the spectral evolution. (Reproduced with permission from reference

(59). Copyright 2009 American Chemical Society.)

The difference between the interparticle homochiral and heterochiral
interactions is further substantiated by measurements of the spectral evolution of
Au nanoparticles of different sizes in the presence of homochiral cysteines (LL or
DD) or heterochiral cysteines (DL).

Based on analysis of the three possible combinations of the enatiomeric
cysteines for the interparticle pair-wise dimerization using an idealized model, an
excellent agreement between the experimental data and the theoretical modeling
result is found for this type of interparticle chiral recognition phenomenon. If
the heterochiral dimerization is less favorable than the homochiral dimerization
(123), as supported by experimental data (k(DL)≪ k(LL) (≈ k(DD) χL) of 50%.

Figure 8 shows the correlation between the apparent rate (r) or rate constant
(k) of the interparticle reactivity and the relative concentration of the enantiomer
in the solution (L%) for Au NPs of two different sizes. A characteristic “valley”
feature is revealed, with the minimum appearing at 50%L:50%D. The assembly
rate for nanoparticles in the presence of heterochiral L- and D-cysteines is much
slower than those in the presence of homochiral L- or D-cysteines.
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Figure 8. Correlation between the normalized rate or rate constant (k) and the
enantiomeric percentage of cysteines (%) in the presence of gold nanoparticles of
two different sizes Au60nm (▪) (pH = 5), Au13nm (•) (pH = 6) and Au13nm (▴) (pH
= 7). A data point for Au13nm reacting with NAC (♦) is included to illustrate
the inactivity. The red dot-dash line represents the theoretical rate derived

from modeling LL, DD and DL dimerization kinetics, whereas the other dashed
lines show the trends of the experimental data points (not fitting data). The
schemes shown in the top and bottom panels are for the purpose of illustrating
the different interparticle chiral interactions. (Reproduced with permission from

reference (59). Copyright 2009 American Chemical Society.)

The inactivity observed for the assembly of AuNPs using N-acetyl-L-cysteine
(NAC) as a mediator further confirms the important role of the interparticle
pair-wise zwitterionic interaction of the amino acid groups in the interparticle
chiral recognition and nanoparticle assembly. The interparticle homochiral (LL
or DD) vs. heterochiral (DL) reactivity involve preferential interaction and
differentiation of the different enantiomeric structures. There are important
implications of the findings to the exploration of the nanoparticle-driven chiral
recognition of cysteines in biomedical applications. One area stems from the
linkage of elevated levels of cysteine to medical disorders (e.g., Parkinson’s and
Alzheimer’s), where the potential use of nanoparticles to probe such elevated
levels could lead to early diagnosis and identification. The importance of
enantiomeric chirality in protein interactions is widely recognized in the broad
interdisciplinary community of pharmaceutical science and technology (124,
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125). The nanoparticle-regulated chiral recognition strategy could potentially lead
to the development of a highly effective route for controlling the enantiomeric
specificity (126, 127). For example, L-cysteine plays an important role in living
systems and its deficiency is associated with a number of clinical situations (liver
damage, skin lesions, AIDS, and certain neurodegenerative diseases). However,
the role of L-cysteine in the central nervous system is not well understood (126).
D-cysteine is believed to interfere with many targets inside the cell (127). The
nanoparticle-regulated chiral recognition strategy exploits the interparticle chiral
reactivity, which differs from chiralities with single-crystal surfaces (128–130)
and chiral structures on metal NPs (131–136).

Scheme 5. Illustration of the use of surface functionalized Au and magnetic
core (M)@shell (Au) nanoparticles in bio-separation and detection. (A) For
the reactivity between protein A-labeled Au NPs: L-Au-A and antibody-labeled
M@Au NPs: Ab-M@Au. (B) For the reactivity between BSA-labeled Au NPs
L-Au–BSA with Ab-M@Au. This is an idealized scheme; the sizes of the NPs,
MBA, DSP and antibody are not drawn to scale. (Reproduced with permission
from I-I. S. Lim, P. N. Njoki, H.-Y. Park, X. Wang, L. Wang, D. Mott, C. J. Zhong,
“Gold and Magnetic Oxide/Gold Core/Shell Nanoparticles as Bio-Functional
Nanoprobes”, Nanotechnology, 2008, 19, 305102. Copyright 2008 IOP

Publishing Ltd.)
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Recognition by Proteins and Magnetic Separation (51, 52).

The exploitation of the specific and selective binding activity between
antibodies and antigens on NPs serves as important means of sandwich-type
immunoassay. SERS readout of the assay has the capability of multiplexity
(50). This type of protein recognition was recently expanded to the interparticle
assembly between reporter-labeled Au NPs and magnetic core (M)@Au NPs for
achieving both magnetic bio-separation and SERS-based bio-detection (51, 52,
55), as illustrated in Scheme 5.

Figure 9. SERS spectra showing (A) particle size dependence for MBA-labeled
Au NPs (30, 40, 50, 60, 70, 80 and 90 nm) in an aqueous solution as a result of
interparticle interactions, and (B) the assembly of Au (80 nm) NPs labeled with
Protein A or BSA and MBA and M@Au NPs (~8 nm) labeled with antibody (IgG).
(Reproduced with permission from reference (60). Copyright 2009 American

Chemical Society.)

While Au NPs have been demonstrated as effective nanoprobes for detection
of DNAs or proteins via amplification of optical and SERS signals for medical
diagnostics, the use of magnetic nanoparticles (M) coated with a biocompatible
layer, e.g., M@Au, represents an advanced approach. This approach has
many intriguing attributes, including a magnetic separation capability, an
enhanced stabilization of the magnetic particles, a fine-tunable surface to impart
biocompatibility, or other desired chemical and biological interfacial reactivities.
There are increasing examples demonstrating the immobilization of biological
recognition sites on Au or M@Au NPs that are spectroscopically labeled for
recognition of the targeted proteins or as an effective means for the separation of
biological molecules (51, 52, 55). For example, the size correlation of the surface
plasmon resonance properties for Au NPs (52) exploits the plasmonic coupling of
the localized fields between nanoparticles and substrates to produce an enhanced
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SERS effect (48–50). Figure 9A shows a set of SERS spectra obtained for
mercaptobenzoic acid (MBA)-labeled Au NPs of different sizes on Au thin film
substrates and in aqueous solutions. The SERS intensity shows a gradual increase
with particle size, which is attributed to the SERS effect from dimer/trimers in
the solution formed via interparticle hydrogen-bonding of the adsorbed MBAs.
In the solution the stable and small clusters of the nanoparticles (e.g., dimers or
trimers) produces "hot spots" (48, 49) that are believed to be responsible for the
SERS effect (52, 112).

Figure 9 B shows an example, which exploits the strong SERS effects
(52, 112) for developing SERS and magnetic nanoprobes for bio-separation
and detection. This example involves the immobilization of Raman label (L
=MBA), Protein A (A) and antibody (Ab) on Au and M@Au (or Ag) nanoparticle
surfaces for SERS detection of the protein A-antibody binding activity (51, 52,
55). The application of a magnetic field to the solution containing the reaction
product between Protein A capped Au NPs with a Raman label (L-Au-A) and
the antibody-capped M@Au NPs (Ab-M@Au) should lead to its separation. The
separated sample is then analyzed. The detection of the diagnostic signals of the
MBA for the separated product ((L-Au-A)-(Ab-M@Au) pair) in the SERS spectra
is in sharp contrast to the absence of such signals for the (L-Au-BSA)+(Ab-M@Au)
pair derived in a control experiment using bovine serum albumin (BSA) to replace
Protein A. This strategy is potentially viable for the development of magnetic
SERS nanoprobes for bioassays. While the illustrated examples are limited (42,
43, 51, 52, 59–61), the basic principles are expected to be applicable to many
other nanoparticle assemblies with biomolecules that are structurally defined
for harnessing the nanoscale properties for developing effective immunoassay
strategies.

Silver-Coated Magnetic Particles as Functional Antimicrobial
Agent

The antimicrobial properties of silver and other metals have been known for
a long time (137). There have been increasing reports showing that Ag NPs have
enhanced antibacterial properties even at low concentrations, and such properties
are size dependent (137–139). The higher surface to volume ratio provided by
these NPs allow for a more efficient bacterial inactivation (140–143). Bacterial
interaction with the nanoparticles starts from the surface layer of the nanoparticles.
The antibacterial activity of Ag-based NPs involves releasing silver ions to the
biological binding sites upon adhesion onto the surfaces of the target (143–146).
This initial adhesion is important for achieving an effective targeting.

One area of interest involves the ability for Ag NPs to function as an
antibacterial agent while being separable from the target biological fluids.
Although pathogen contamination can occur in all blood products, it is the need to
store platelets at room temperature that makes bacterial contamination of platelets
a high risk of infection associated with transfusion. The antibacterial M@Ag NPs
can be introduced into the platelets to inactivate the bacteria and be subsequently
separated from the platelets prior to transfusion. The enhanced antibacterial
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properties of Ag NPs even at low concentrations (141, 142, 147) may provide a
more efficient bacterial disinfection with minimized presence of Ag ions. The
fabrication of metal-coated magnetic nanoparticles has been demonstrated using
different methods (51, 53–55, 148–156), but the ability to control the nanoscale
size, composition, magnetic and surface properties towards structurally-tailored
nanomaterials for antibacterial applications remain challenging for specific
applications. Scheme 6 illustrates one of our approaches that explores M@Ag
NPs for bacterial inactivation of different samples of biological fluids, including
blood platelets. The introduction of the magnetic cores into the Ag NPs enables
the capabilities of effective separation, delivery and targeting of the antibacterial
agents (157–160).

Scheme 6. Illustration of use of Ag-coated magnetic core@shell nanoparticles
(M@Ag) as a functional antimicrobial agent in blood platelets and the magnetic
separation to remove M@Ag from the platelets (not to scale). Image in right:
an AFM image of Pseudomonas aeruginosa adsorbed on a mica surface.
(Reproduced with permission from reference (61). Copyright 2011 American

Chemical Society.)

Functional core-shell nanoparticles consisting of MnZn Ferrite as the
magnetic cores and silver as the shells (MZF@Ag) were synthesized by a wet
chemical method (61). The bacterial inactivation of the functional MZF@Ag
nanoparticles was demonstrated in saline solution for several types of bacteria,
including Gram-positive Staphylococcus aureus and Bacillus cereus, and
Gram-negative Pseudomonas aeruginosa, Enterobacter cloacae, and Escherichia
coli. The reduction in bacterial growth was determined in samples that contained
either Ag NPs or MZF@Ag NPs. As shown in Figure 10(A) we monitored
the growth of Gram-positive Bacillus cereus in saline solutions containing
antimicrobial nanoparticles over a 24-hour period, and the bacterial concentration
exhibits a clear reduction as a function of the incubation time. The MZF@Ag
NPs seemed to be more efficient at killing Bacillus cereus when compared to the
Ag NPs.
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Figure 10(B) illustrates another set of results obtained from theGram-negative
bacteria, Enterobacter cloacae. The results were highly similar to those of the
Bacillus cereus sample shown in Figure 10(A) with a slight difference with the
silver nanoparticle sample. The nanoparticles seemed to work more rapidly on the
E. cloacae, which could be attributed to it being Gram-negative.

Figure 10. The inactivation efficiency data for the inactivation of two different
types of bacteria: (A) Bacillus cereus and (B) Enterobacter cloacae, in a PBS
buffer solution (a), in a solution containing with MZF@Ag NPs (b), and in a

solution containing with Ag NPs (c). (Reproduced with permission from reference
(61). Copyright 2011 American Chemical Society.)

Figure 11. A comparison of the inactivation efficiency data for the inactivation of
E. coli with water (a), MZF NPs (b), and MZF@Ag NPs (c) in blood platelets.
(Reproduced with permission from reference (61). Copyright 2011 American

Chemical Society.)
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Based on the successful demonstration that the MZF@Ag NPs can inactivate
bacterial growth with an effectiveness comparable to Ag NPs in saline solutions,
the viability of theMZF@AgNPs for inactivating bacteria in human blood platelet
samples was tested. Figure 11 illustrates an example for the inactivation of E. coli
using MZF@Ag NPs.

After only 6 hours of exposure, the bacterial concentration fell below a
detectable level. This finding is in sharp contrast to the observation with MZF
NPs in this experiment.

The total silver (ionic silver and suspended Ag NPs that could not be removed
by a magnetic field) in the sample was analyzed, showing less than 1 ppm.
Although the MZF@Ag treated samples showed slightly more silver found than
in the controls, it provided significant bacterial inactivation. This finding is an
important piece of evidence supporting that the inactivation is mainly caused by
the direct contact of Ag on NPs rather than Ag ions leached into the liquid phase.
This concentration is very low compared to other silver-based antimicrobial
products such as those in medical bandages. The amount of silver found in the
platelets was also less than the level that usually causes a reaction in the human
body, suggesting that the idea of using MZF@Ag NPs to inactivate bacteria in
blood products would be safe, when giving a transfusion after the removal of
MZF@Ag NPs.

MZF@Ag NPs are shown to serve as a functional antibacterial agent for
an effective inactivation of bacterial growth in both saline solution and blood
platelets. Considering the increasing use of Ag NPs as antimicrobial agent in
commercial products and increasing concern over the toxicity of Ag NPs (161),
this strategy described in this section could offer the ability to recover the used
silver nanoparticles and reduce the unwanted toxicity towards patients or the
environment.

Summary

In summary, this chapter has highlighted selected examples in the explorations
of gold and silver based nanoparticles as functional nanoprobes for biomolecular
recognition. Gold nanoparticles have been demonstrated effective in probing
DNA assembly for protein binding/cutting processes, which has the potential
to be a diagnostic probe for p53 mutation detection. Gold nanoprobes have
also been demonstrated to serve as an effective vehicle for delivering miRNAs
to multiple myeloma cells for cell transfection and gene knockdown studies,
which, upon further understanding of their cellular uptake and mobility, has the
potential for developing a useful technique for the genetic treatment of certain
cancers. The nanoprobes have also been shown to function as not only a sensitive
detection platform for biologically relevant thiol-containing amino acids or small
peptides, but also a driving force for chiral recognition. This feature could
prove useful in the detection of certain chronic diseases such as cardiovascular
disease and Alzheimer’s disease, as well as in drug design. The magnetic
core-shell nanoparticles have been demonstrated as functional nanoprobes to
enable an effective bio-separation function in protein recognition and bacterial
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inactivation. These studies have the potential in establishing novel immunoassay
probes and in reducing or eliminating nano toxicity associated with certain blood
products. The ability to manipulate and separate the nanoprobes in the various
biomolecular recognition processes also has important implications to developing
effective strategies in administering nanomaterials in human and environmental
applications while limiting toxicity.
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Chapter 6

Functional Gold Nanoparticles for Biointerfaces

Maria Hepel*

Department of Chemistry, SUNY at Potsdam,
Potsdam, New York 13676, U.S.A.
*E-mail: hepelmr@potsdam.edu

The state-of-the-art of the design of multi-functional
nanoparticles for biomedical applications is presented and
discussed with emphasis on nanoparticle drug carriers, gene
delivery, photodynamic therapy, and image enhancers for
diagnostic imaging, including MRI, CT scan, ultrasonic,
photoacoustic, and surface-enhanced Raman scattering
techniques. The multi-modality, as defined by theranostics,
whereby the diagnostic enhancement capabilities are combined
with therapeutic action, is the key feature of nanoparticle
applications in nanomedicine. The important requirement
in these applications is the high selectivity in cell targeting,
especially as regards to the tumor cells, designated to be
destroyed by highly cytotoxic drugs unloaded from the
nanoparticle nanocarriers. The biocompatibility issues are
discussed in view of the necessity of protecting healthy cells.
For this purpose, the polyamine-coated gold nanoparticles have
been reviewed and the adsorption hyper-Langmuirian model
has been introduced. The formation of nanostructures from
nanoparticle building blocks is also discussed.

Keywords: Au nanoparticles (AuNP); quantum dots (QD);
carbon nanotubes (CNT); drug carriers; gene delivery; cancer
cell targeting; theranostics
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Introduction

Tremendous progress in understanding of nanoworld phenomena spawn by
the explosive development of nanoimaging tools and investigative techniques
has recently been achieved in divergent fields, from physics and chemistry to
molecular biology and medicine. It is not only the possibility of visualizing
the nanoworld that has led to this progress. Even more important is the fact
that by employing these new imaging tools, scientists were able to create and
control new nanoworld entities, sometimes called “building blocks”, leading to
the design of novel materials (the nanomaterials) with unique electronic, optical
and magnetic properties and new devices for nanoelectronics and photonics.
In particular, the design of nanoparticles with well-defined size and shape and
derivatized by self-assembled monolayers (SAMs) of functional molecules has
played a remarkable part in the discoveries of the nanoworld. In this Chapter, the
design and new roles of functionalized nanoparticles in biomedical sciences are
reviewed. The use of metal, semiconductor, and insulator nanoparticles as drug
nanocarriers, in gene delivery, photodynamic therapy, and in medical diagnostics
in image enhancement is discussed. The principles of theranostics, a new trend
of combining medical diagnostics with therapy by designing multifunctional
nanoparticles aiding in medical imaging, recognizing cancers, and delivering
therapeutic drugs or participating in hyperthermic treatment, are presented.
The review is further expanded onto the nanoparticles functionalized to target
cancer cells and on designing biocompatible charged gold nanoparticle (AuNP)
interfaces, with special emphasis on polyamine-capped AuNP nanocarriers and
double-shell AuNPs coated with a bactericidal poly-L-lysine SAM. A theoretical
treatment for molecules in protective monolayers in core-shell nanoparticles is
then presented and an example of a hyper-Langmuirian linker-adsorption model
is discussed. The final aspects of nanoparticle functionalization concerning the
construction of larger nanoparticle cross-linked frameworks are then evaluated.

New Roles of Nanoparticles in Biomedical Sciences

Drug Carriers

Often drugs themselves are being prepared in the form of fine colloidal
dispersions for better penetration to the target tissue and specially coated for
controlled slow release (Loratadine and Danazol (1)). However, with the
expansion of nanotechnology and the development of nanoparticle probes in
medical diagnostics, a new field of nanoparticle-based nanocarriers for drug
delivery has emerged. The basic concept of employing nanocarriers is justified by
limiting the serious side effects of otherwise effective drugs by targeting specific
locations of the disease and releasing the drug molecules from the carriers,
and thereby activating them, only in the place or tissue where they are needed.
The drug loading onto the nanocarriers is based on an electrostatic attachment,
hydrophobic Van der Waals interactions, hydrogen bonding, or covalent bond
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formation. The release of drug molecules at the destination sites can be effected
by a photoactivated bond breaking (2), ligand exchange interactions, electric field
stimulation, thermodesorption, or medium change effects.

In Figure 1, the attachment and release of amines from a AuNP coated with a
photocleavable succinimidyl ester are illustrated (2). Each AuNP was coated with
a mixed SAM of two disulfides:

disulfide 1: [bis(12-(4-(1-(succinimidyloxycarbonyloxy)ethyl)-2-methoxy-5-
nitrophenoxy) dodecyl) disulfide] and

disulfide 2: [a condensation reaction product of ω-methoxy-poly(ethylene
glycol) (PEG) amine, (MW = 5000) and disuccinimidyl 11,11′-dithio-
bisundecanoate].

Disulfide 1 was designed to react readily with amines via the succinimidyl
ester. The adduct of 1 with amine can be photocleaved in the reaction of the 2-
nitrobenzyl group upon near-UV irradiation releasing the amine in the form of a
corresponding carbamate which decomposes rapidly to form the original amine.
On the other hand, disulfide 2 containing PEG prevents the aggregation of AuNPs
and nonspecific protein adsorption on AuNP surface.

Figure 1. Capture and release of amines from AuNP capped with a
photocleavable succinimidyl ester disulfide 1 and disulfide 2 (both are shown in
their thiol forms for clarity). (Reproduced with permission from (2). Copyright

2009 American Chemical Society.)

Gene Delivery

As the human genome associated with various debilitating diseases and
cancer is becoming readily available, the urgency of the development of a
gene delivery technology becomes apparent. For many diseases, the gene
replacement therapy appears to be the only therapeutic alternative giving a
hope for survival. In this new approach in treating cancers, pieces of original
non-mutated DNA or the entire genes are supplied to the cytoplasm by carrying
them and transporting with the help of nanoparticle carriers. The nanocarriers
may consist of inorganic or organic particles, or vesicles. In this Chapter, we
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will concentrate on gold nanoparticles (AuNPs) which are readily functionalized
with self-assembling monolayers (SAMs) of organic molecules. The growing
interest in applications of AuNP in nanomedicine and bioassays stems from the
simplicity of their functionalization, high stability, biocompatibility, and the
prospect of designing complex nanoarchitectures with precision recognition of
DNA strands, antibody-antigen interactions, and other biorecognition systems
(3–10). The principle of a gene delivery utilizing gold nanoparticles loaded with
genetic material is illustrated in Figure 2.

Figure 2. Illustration of a gene delivery by gold nanoparticles loaded with
genetic material: AuNP@RNA (A) recognizes the target cell (B), enters the

cytosol through the cell membrane (C), unloads the nucleic acid (D) through the
ligand exchange with cell thiols, and leaves the cell (E).
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The conditions for nanoparticles to be effective gene carriers include: (a)
being able to pass through a cell membrane, (b) being able to hold a piece of DNA
and to transport it through a membrane to cytoplasm, (c) being able to discharge
the load in cytosol or nucleus, (d) exhibit no cytotoxicity and do not influence
life processes taking place in cells, (e) they can be readily functionalized to target
specific tissue and cells, (f) after unloading the gene, the nanocarriers are quickly
excreted and do not accumulate in the body. Some of the promising candidates
include AuNP functionalized with designer mercaptoamines, natural polyamines
(eg. poly-L-lysine, PLL), phospholipid SAMwith positively charged headgroups,
and others. We have recently demonstrated that double-shell gold nanoparticles
AuNP/Cit/PLL have a high affinity to dsDNA and can be utilized for the gene
delivery (11).

Another mode of gene therapy consists of RNA interference (RNAi) designed
to silence cancer-causing genes (12–14). In RNAi, to knockdown genes relevant to
a given cancer, nanoparticle carriers loaded with small interfering RNA (siRNA),
are utilized. The siRNA are short (ca. 21-25 base pair) pieces of double-stranded
RNA able to inhibit gene expression by initiating an enzymatic degradation of
mRNA that matches the siRNA (15). This is a natural process in which siRNA
can control the gene expression. In recent work, DeSimone and coworkers (16)
developed a lipid-coated poly(lactic acid-co-glycolic acid) nanoparticles carrying
siRNA for prostate cancer treatment.

Photodynamic Therapy

In photodynamic therapy (PDT), a drug called photosensitizing agent is
injected into the bloodstream and is absorbed by the cells in a given tissue or in
the whole body. After some period following the drug administration (typically
about three days), a laser beam of light with specific wavelength is directed
locally at the tumor. In a photochemical reaction, singlet oxygen and other
reactive oxygen species (ROS) are generated that kill the tumor cells. The U.S.
Food and Drug Administration has approved the photosensitizing agent called
porfimer sodium (Photofrin®) for use in PDT to treat certain cancers. It can
also be used to relieve the symptoms of other cancers, for instance in the case of
gallbladder cancer, to clear the tumor blockage in the bile ducts. In addition to
directly destroying cancer cells, PDT can cause shrinking of tumors in two other
ways: (i) by damaging blood vessels in the tumor tissue, thereby preventing the
cancer from getting necessary nutrient supply, and (ii) by activating the immune
system response to begin attacking the tumor cells.

There are also several disadvantages of PDT, including shallow penetration
of visible light, that is usually applied in PDT (the penetration depth is only on
the order of 1 cm), limiting the use of this therapy to surface cancers and to
cancers in organs where the irradiation can be applied through optical fibers (eg.
non-small cell carcinoma of lungs). The second most important disadvantage of
PDT is that the tissue oxygenation determines the therapeutic outcome after PDT
treatment. It appears that the absence of molecular oxygen completely inhibits
photosensitization. Since in practice, ca. 35–40% of cancer patients suffer from
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anemia (17) and 30% of carcinoma tumors show areas of a restricted oxygen
supply (18), this seriously limits the therapeutic efficacy of PDT.

In order to enhance the photosensitization and diminish the two main
disadvantages of PDT discussed above, a combined treatment by PDT and
hyperthermia has been considered (19). Among other hyperthermic methods,
a novel technology based on administration of light-scattering nanoparticles,
for instance gold nanorods (AuNR), provides some clear advantages. By an
appropriate functionalization, AuNR with propensity to target specifically the
tumor tissue can be designed. Since the surface plasmon (SP) absorbance of
AuNR can be tuned by properly selecting the nanorod length, the efficient
scattering of light of any wavelength in targeted tissues can be achieved. For
instance, UV-vis SP absorbance spectra for AuNP5nm as compared to AuNRs with
aspect ratio 2:1 (10×20 nm) and 4:1 (10×40 nm) show that the SP absorbance
maximum red-shifts considerably with the increasing nanorod length from
516 nm, to 660 nm, to 790 nm, respectively. This corresponds to the light
absorbance by the longitudinal SP originating from the excitement of collective
oscillation of conduction free-electrons on a surface of AuNR. The photothermal
cancer cell destruction using nanosecond laser light pulses strongly absorbed by
cancer-targeted metal nanoparticles is illustrated in Figure 3.

Figure 3. Photothermal cancer cell destruction using nanosecond laser light
pulses strongly absorbed by cancer-targeted metal nanoparticles.
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The cancer-cell targeting is achieved by two main ways. The first one is based
on the specificity of cancer tissue enabling the enhanced permeation and retention
(EPR) effects, owing to the increased porosity of the tumors as compared to the
healthy tissue, thus aiding in an easy entrance of nanoparticle drug carriers which
then concentrate in the areas of cancerous tissue. In addition to that, the drug
nanocarriers can be targeted, i.e. functionalized with cancer-specific substrate
biomolecules for which cancer cells overexpress receptors and present them in the
external cell membrane, thusmarking cancer-cells for nanocarrier attachment. The
nanocarriers can also be equipped in the SAM shells with antibodies for proteins
overexpressed in cancer cells making a biorecognition the principle of the tumor
targeting.

Image Enhancers

Functional nanoparticles have drawn considerable attention as image
enhancers in ultrasonography, magnetic resonance imaging (MRI), and computed
X-ray tomography (CT scan). The administration of nanoparticles not only
improves the image contrast, but also shows the location of tumors by specific
accumulation in targeted areas. This is achieved through the functionalization
of nanoparticles with surface-conjugated antibodies for specific proteins
overexpressed in targeted cells. The nanoparticles provide unique advantages due
to their strong light-scattering propensity and excellent penetrability beyond the
capillary vasculature due to the small size. Schematic view of a tissue-targeted
imaging-enhancer nanoparticle probe with Ramanmarker, MRI imaging-enhancer
(magnetic Fe3O4-core), tissue-targeting director antibody (Ab), and PEG-ylated
SAM which prevents non-specific protein adsorption is depicted in Figure 4.

Liu et al. (20) have investigated in vivo the grey image enhancement in
ultrasonography at 30MHz center frequency, using SiO2 nanoparticle suspensions
in agar gel with different nanoparticle sizes, from 500 to 3000 nm. The
increase in the image brightness with particle size has been found. In another
contribution (21), they studied biodegradable polylactic acid (PLA) nanoparticles
with surface functionalized to target specifically the breast-cancer cells. Thus,
the PLA nanoparticles with 250 nm diameter have been functionalized with
anti-Her2 antibodies, enabling them to biorecognize the breast cancer cells which
overexpress Her2 receptors. The high-resolution ultrasound images have shown
a 22% brightness enhancement in targeted cancer tissue.

AuNP-based SERS-probes have shown promise for disease detection
and diagnostics. The Gambhir group (22, 23) has utilized 60 nm dia. gold
nanoparticles marked with a Raman probe, trans 1,2-bis(4-pyridyl)-ethylene,
and coated with SiO2 shell (or in short: gold-Raman nanoparticles, GRNP) for
image enhancement of lung cancer (24), colorectal cancer (22), and aggressive
brain-cancer, glioblastoma (23). The acute toxicity studies of polyethylene glycol
(PEG) coated GRNP, administered intravenously to mice (22), have shown that
GRNP have been removed from circulation by the reticuloendothelial system
(macrophages in liver and spleen) and only a minor inflammatory reaction
has been detected after 24 h following the GRNP injection. An increased
oxidative stress has initially been observed in liver but it receded after two
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weeks. No toxicity of GRNP functionalized to bind specifically to the epidermal
growth factor receptor has been found in studies of colorectal-cancer imaging
enhancement (22). It has to be noted that the cytotoxicity of nanoparticle
image-enhancers is considerably diminished by the fact that they are designed to
accumulate primarily in the tumor tissue and they are virtually absent in a healthy
tissue.

Figure 4. Schematic view of a tissue-targeted imaging-enhancer nanoparticle
probe with Raman imaging-enhancer (Raman marker), MRI imaging-enhancer
(Fe3O4-core), tissue-targeting director antibody (Ab), and PEG-ylated SAM

which prevents non-specific protein adsorption.

The Raman-tagged nanoparticle image-enhancers have recently been
shown to enable tri-modal brain-tumor imaging (23) and precise delineation of
rough-surface edges of glioblastoma which is critical in patient survival prognosis.
In these studies, Kircher et al. (23) performed MRI-photoacoustic-Raman
imaging of the mouse human-glioblastoma and demonstrated the high sensitivity
and precision of the Raman and photoacoustic techniques, surpassing the MRI.
These techniques are also better suited to aid the surgeon in precision incision
allowing sparing the parts of brain tissue that are healthy but are located in the
close proximity to the cancer tissue. The current low survival rate of glioblastoma
patients is due to the rough surface of the tumor and long finger-like projections
(extrusions) into the healthy tissue. These extrusions are readily identified by the
Raman imaging since they are well-populated by GRNP.
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To improve structural and functional stability of SERS-tagged AuNP-probes
for in vivo applications, a colloidal SERS gold nanoparticle that encapsulates
Ramanmolecules adsorbed on a 60 nmAuNPwith a nonthiol phospholipid coating
has been synthesized (25). This novel lipid-based SERS probe provides a viable
alternative to the strategies based on PEGylation and silica coating.

Quantum dot (QD) based image enhancers have been widely studied.
In recent studies, Gao et al. (26) reported a novel, 5 nm diameter, InP/ZnS
core-shell QD nanoparticles coated with dendrimer to reduce cytotoxicity. These
nanoparticles have been shown to produce sharp fluorescence near infra-red (NIR)
images of tumors, with emission wavelength λem = 710 nm. The tumor images
are formed due to the enhanced permeability and retention (EPR) effect since the
nanoparticles of this small size can readily penetrate the leaky blood vessel walls
in tumors and are retained in the tumor tissue. In further investigations (26),
the dendrimer-capped QDs have been conjugated with arginine-glycine-aspartic
acid peptide dimers (RGD2) in order to target more specifically the integrin
αvβ3-positive tumors and angiogenesis.

The general guidelines for the validation of new image-enhancer nanoparticles
have been proposed by Gambhir and coworkers (27). These authors also
developed single-walled CNT-based imaging agents for photoacoustic and
photothermal therapy, as well as cytometry and theranostics applications.

Theranostics

In 2002, Funkhouser (28) proposed to use a new term, theranostics, for
rapidly emerging new field of therapy-specific diagnostics. This is especially
significant in the case of nanomedicine, where the diagnostic capabilities of
functionalized nanoparticles are utilized simultaneously with their therapeutic
action. Thus, theranostic means here therapy + diagnostics and this combination
well suits to the actual roles of nanoparticle carriers equipped with image
enhancement tags (such as the Raman tag) and at the same time they carry a
therapeutic load (e.g. a sensitizing agent for PDT or chemotherapeutic drugs). In
fact, a multitude of combinations of diagnostic and therapeutic capabilities exists.
Some of the most important can be listed as follows:

(a) diagnostic capabilities:

• electromagnetic scattering, e.g. X-ray CT scan image enhancing
cores,

• MRI contrast agents, e.g. Gd3+ complexes conjugated to
nanocarriers, or magnetic Fe3O4-core nanoparticles,

• Raman tags,
• fluorescent labels (quantum dots or organic dyes),
• nuclear imaging agents,
• photoacoustic enhancers,
• ultrasonography contrast enhancers (e.g. metal nanoparticle

cores);

155

D
ow

nl
oa

de
d 

by
 U

N
IV

 D
E

 S
H

E
R

B
R

O
O

K
E

 o
n 

N
ov

em
be

r 
27

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

26
, 2

01
2 

| d
oi

: 1
0.

10
21

/b
k-

20
12

-1
11

2.
ch

00
6

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



(b) therapeutic agents:

• chemotherapy drugs,
• photodynamic sensitizers,
• hyperthermia (photothermal ablation) agents,
• radiation therapy compounds,
• growth inhibitors, e.g. integrin inhibitors, preventing

angiogenesis in tumors,
• gene silencers,
• gene replacement agents, e.g. piecies of RNA.

Figure 5. Schematic view of a theranostic nanoparticle nanocarrier with
multifunctionality: QD-core fluorescent marker, P - homing peptide, siRNA
- small interfering RNA fragment for gene replacement therapy, PEG -

poly-ethylene glycol chains for diminishing nonspecific adsorption of proteins.
(Adapted with permission from (29). Copyright 2007 American Chemical

Society.)

The theranostic nanoparticle-based nanocarriers are also equipped with
targeting functionalities, as discussed in previous sections, such as antibodies
or peptides having sufficiently high affinity to receptors overexpressed in tumor
cells. Such multimodal nanoparticle nanocarrier is depicted in Figure 5.

The broad applications of theranostic nanoparticle-based nanocarriers have
been recently reviewed by Kelkar and Reineke (30). Pitsillides et al. (31) have
discussed specific cell-targeting with light-absorbing nanoparticles for medical
applications.
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Targeting Cancer Cells

In today’s medicine, the major goal of nanoparticle administration is to aid in
cancer therapy since the cancer survival rate is bleak in the case of many cancers
and especially in the case of advanced tumor development stages. Targeting cancer
cells is being pursued for several purposes:

(i) to accumulate highly toxic chemotherapeutic drugs in the tumor while
saving the healthy tissue,

(ii) to provide means for thermotherapy to destroy tumor,
(iii) to deliver sensitizing agents for local photodynamic therapy,
(iv) to enhance the tumor imaging to aid the surgeon in removing the tumor

out of the healthy tissue.

The methods of efficient targeting of cancer cells are based on
functionalization of nanoparticles by attaching biorecognition molecules to
nanoparticle shells that are able to interact with receptors and other targets
overexpressed in cancer cells. For instance, single-walled CNT functionalized
to target the integrin αvβ3 associated with tumor angiogenesis was proposed
by Gambhir and coworkers (27). The integrin αvβ3-targeted gold nanobeacons
have been applied in molecular photoacoustic tomography for a 3D-imaging
of angiogenesis by Pan et al. (32). Since gold nanobeacons accumulate only
on the newly forming blood vessels where the integrin is overexpressed, the
photoacoustic signal is enhanced in the vessel growth areas over the mature
blood vessels. This has a profound clinical significance since a wide range of
prevalent diseases, especially cancer and cardiovascular diseases, are based on
angiogenesis.

The targeted drug delivery is an attractive concept: it combines high local
concentration of a drug and low systemic exposure minimizing the side-effects
of the drug. Recent progress in the field has rekindled interest in the targeting
approach. Since the tumor cells express many molecules on their surface that
clearly distinguish them from normal cells, the nanocarrier targeting is directed to
these molecules. For long time, these molecules were detected with appropriate
antibodies but a widespread screening of peptides and aptamers has greatly
extended the number of selective binders to tumor cells (33, 34). A list of surface
receptors overexpressed in tumor cells that can potentially be used for anticancer
nanocarrier targeting is presented in Table I.

Those receptors which are only expressed in cancer cells or newly developing
blood vessels are of particular importance, since they enable precise targeting
of nanocarriers toward these receptors, focusing the therapeutic action of carried
drugs right at the tumor sites. As an example may serve NG2, a chondroitin sulfate
proteoglycan spanning the pericyte membrane and marking the angiogenesis (35).
PDGF-B and PDGFRβ, platelet-derived growth factor receptors, are expressed in
tumors and participate in vascular growth signaling pathways.
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Table I. Tumor cell-membrane receptors and tumor blood-vessel receptors
utilized for biorecognition and targeting of cancers

The PDGFRbeta+ perivascular progenitor cells regulate perivascular cell
differentiation and vascular growth (45). The inhibition of PDGF-B and PDGFRβ
signaling results in the disruption of blood vessel growth, microvascular leakage,
and haemorrhage. These receptors can therefore be utilized in tumor targeting
with nanocarriers as well as in the inhibition of the vascular growth, thereby
cutting the supply of nutrients to the tumor. Note that both the endothelial
cells (forming the inner lining of the blood vessels) and the perivascular cells
(or: pericytes) that wrap around the vascular tubing forming a rigid scafold,
are necessary for a growing blood vessel. However, the PDGF-B expressing
endothelial cells are the first cells to move into the surrounding tissue to expand
the blood vessel network (49, 50).

The perspectives of targeting drugs and nanoparticle carriers to tumors have
recently been discussed by Ruoslahti et al. (51), with particular emphasis on the
tumor vascular growth targeting by functionalized nanoparticle carriers. Pitsillides
et al. (31) have discussed cell-targeting with light-absorbing nanoparticles and the
use of different biorecognition markers.
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Designing Biocompatible Charged Functional AuNP Interfaces

Polyamine-Capped AuNP Nanocarriers

The exploration of non-toxic coatings plays a key role in the development of
implants and tissue engineering (52). With the emergence of nanoparticle probes
and nanocarriers in diagnostic imaging and therapy (53), the nanoparticle coating
has become one of the most important fields of studies (1, 54–57). Besides the
nature-developed materials (e.g. phospholipids), the biomimetic coatings have
been extensively investigated to achieve high degree of biocompatibility and
reduced side-effects.

In living cells, different polyelectrolytes participate in life processes. A
remarkable range of interactions has been observed for one polyelectrolyte,
poly-L-lysine (PLL). PLL, which is positively charged due to the uncompensated
protonated amine groups -NH3+, interacts with both DNA and phospholipids
involved in various membranes in living organisms. The polycationic
polyelectrolytes, such as PLL, induce the production of immunoglobulin and their
presence in higher organisms is essential. For instance, PLL has been found to
increase the production of interferon-beta while not acting on the cell proliferation
(58). Moreover, PLL exhibits remarkable anti-proliferative properties (59)
on many cancers, such as Ehrlich carcinoma, L1210 lymphoid leukemia,
erythroleukemia, Lewis lung tumor, P388 tumors, and P38 macrophage derived
tumor. On the other hand, the synthetic isomeric α-PLL boosts the astrocyte
proliferation (60). The bioactivity of dendrimers composed of polylysine and
peptides in the AC cyclase signaling system in rats myocardium and brain has
recently been investigated (61). The PLL-derivative biopolymers present a high
promise as the polycationic carriers for biologically relevant molecules. Both
isomers, synthetic α-PLL and naturally occurring ε-PLL, have been proposed
for use as virucidal agents for protecting eggplant family plants against tobacco
mosaic virus, as well as against potato virus and cucumber mosaic virus (62).

It has been shown that direct interaction of lysine residues with gold metal
surface stabilizes the AuNPs in solution (63). However, as pointed out by Guo et
al. (64), there is virtually no interparticle interaction between PLL-coated AuNPs
in the pH range 6.5-10.5, as evidenced by only a minute shift of SP absorbance
band, from 522 to 526 nm. On the other hand, at pH > 11.5, a clear assembly of
PLL-capped AuNPs has been detected together with the associated shift in the SP
absorbance band to λmax = 538 nm. The AuNP assembly has been ascribed to the
interparticle Van der Waals attractive forces between β-sheets.

Joshi et al. (65) have shown that binding of lysine to AuNP at neutral pH is
fairly weak, although it increases at pH > 11 simultaneously with deprotonation
of –NH3+ groups (above the isoelectric point of lysine, pI = 9.4 (65)). By adding
a condensing agent EDC (ethyl-3-(dimethylaminopropyl) carbodiimide), the
assembly of 3D networks from lysine-capped AuNP13nm have been observed (66)
and an efficient AuNP binding through a dipeptide cross-linker has been attained.
Binding of amine groups directly to gold has also been achieved (67–69). The
calculations of electronic structure of polylysine dendrimers has been carried out
by Maiti et al. (70), Ouyang et al. (71), and Manisto et al. (72).
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Various biomolecules interact with PLL, including DNA (73, 74), lipids (75),
cyclodextrin (76), etc. Varadan (77) has reported the immobilization of PLL onto a
probe surface for endotoxin-detection. Interestingly, PLL has also been considered
for applications as a biosorbent for removal of toxicants, such as Cr(VI) species
causing oxidative DNA damage (78), from industrial waste water.

There are several important prospective applications of PLL-capped
nanoparticles, including bactericidal and virucidal injections, carriers of stem
cells, scaffolds in tissue repair, and as nanocarriers in gene delivery systems
where DNA fragments can be attached electrostatically to the positively charged
PLL shells (11). The key advantage of a PLL coating is its intrinsic non-toxicity
to the eukaryotic cells.

In view of the much weaker direct interactions of PLL with a gold surface, we
have investigated interactions of PLL with citrate-capped gold nanoparticles (11)
for possible application of PLL-functionalized AuNP in gene delivery systems and
anti-microbial injections.

The gene delivery concept has been pioneered by Rotello et al. (53, 79, 80)
using AuNPs capped with amino acid-modified alkane thiols. The AuNPs with
lysine residue-modified thiols have been found to interact with dsDNA and were
able to penetrate eukaryotic membranes (53). The DNA unloading was induced
by glutathione derivatives (80). However, the ligand exchange (thiol-for-thiol) is
more difficult when thiolate AuNP coating is used. We have demonstrated this,
for instance for the ligand exchange between homocysteine and glutathione (81)).
On the other hand when a AuNP/Cit/PLL is used as the carrier, the gene cargo
unloading becomes much easier.

To monitor the PLL-induced AuNP assembly, we have explored the utility of
the resonance elastic light scattering (RELS) spectroscopy. The RELS technique
is based on a momentary absorption of photons by molecules and nanoparticles in
solution followed by an immediate re-emission of light in all directionswithout any
energy loss (82). The re-emitted radiation is coherent. We have recently applied
RELS to study nanoparticle assembly (5, 81–83) and found it to be very sensitive to
supramolecular ensemble formation. The high sensitivity of RELS to nanoparticle
network assembly is due to the excitation of the local surface plasmon (SP) in
gold nanoparticles and coupling of SP oscillations during the close approach of
particles in the supramolecular structure formation. In this Chapter, we describe
the interactions of AuNPwith PLL and elucidate the mechanism of the PLL-linked
citrate-capped AuNP assembly. The illustration of a network forming capabilities
of PLL-linked AuNP/Cit nanoparticles is presented in Figure 6.

We have found that a hyper-Langmuirian electrosorption kinetics model best
fits the experimental data. The interactions of PLL-coated AuNP with dsDNA
have been tested to demonstrate the affinity of PLL amine functionalities in the
nanoparticle shell environment to the model genes represented by short dsDNA
fragments.
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Hyper-Langmuirian Linker-Adsorption Model

The assembly of metal or semiconductor nanoparticle networks and their
properties, including the interparticle distance, coordination number, optical
density, electronic properties, and others, depend strongly on the linker functional
groups’ charge and the ability of nanoparticle shells to form hydrogen bonds and
Van der Waals interactions.

Figure 6. Scheme illustrating strong interactions of PLL with AuNP@Cit at pH 5
and weak β-sheet interactions at pH = 11. (Reproduced with permission from

(11). Copyright 2011 Elsevier Publisher.)

In the case of AuNP and a polyelectrolyte with a long chain, like PLL, the
AuNP network formation depends on the linker chain length, nanoparticle size,
number of charges on a nanoparticle and on a linker chain, as well as the structure
and conformation of the linker. We describe here an attempt to evaluate the mean
stoichiometry of a PLL-linker binding by AuNP. For this purpose, we analyze the
PLL concentration dependence of the RELS intensity at a wavelength providing
most sensitive RELS signal response to the nanoparticle framework assembly
process.

Typical RELS spectra for citrate-capped AuNP5nm in solution are presented in
Figure 7, for AuNP@Cit concentration of 3.8 nM.

161

D
ow

nl
oa

de
d 

by
 U

N
IV

 D
E

 S
H

E
R

B
R

O
O

K
E

 o
n 

N
ov

em
be

r 
27

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

26
, 2

01
2 

| d
oi

: 1
0.

10
21

/b
k-

20
12

-1
11

2.
ch

00
6

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Figure 7. RELS spectra for 3.8 nM AuNP5nm solutions with varying concentration
of PLL, CPLL [ppm]: (1) 0, (2) 0.33, (3) 0.83, (4) 1.17, (5) 1.5, (6) 1.83, (7)
2.17; λex = 665 nm, pH = 5.20 ± 0.17. (Reproduced with permission from (11).

Copyright 2011, Elsevier Publisher.)

The secondary emission spectra were obtained for constant excitation
wavelength λex = 665 nm (corresponding to photon energy of 1.86 eV) and the
emission was recorded from λem = 610 to 730 nm. The high intensity of the
resonance elastic light scattering from AuNP5nm nanoparticles in solution is due
to the absorption of photons at 665 nm followed by secondary emission without
any energy loss. Therefore, a coherent elastic Rayleigh scattering with Gaussian
peak shape centered at λem = λex = 665 nm is observed. The narrow bandwidth
of Δλ = 15 nm confirms that the radiation broadening, density fluctuation, and
inelastic Raman scattering effects are negligible. Because of the low intensity of
the background which is virtually zero, well defined RELS peaks are obtained.

Note that the RELS spectra can be obtained using a standard fluorescence
spectrometer equipped with dual monochromators (for excitation and emission
beams). For instance, the spectra presented in Figure 7, have been recorded on
a Model LS55 Fluorescence Spectrometer (Perkin Elmer, Waltham, MA, U.S.A.)
equipped with 20 kW Xenon light source operating in 8 μs pulsing mode. Pulse
width at half height was less than 10 μs. The dual detector system consisted of a
photomultiplier tube (PMT) and an avalanche photodiode. The RELS spectra were
obtained at 90° angle from the incident (excitation) light beam. The excitation
beam monochromator was either scanned simultaneously with the detector beam
monochromator (Δλ = 0) or set at a constant excitation wavelength.
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The large increase in light scattering upon the addition of PLL indicates
the nanoparticle assembly since Isc increases strongly with increasing size of
aggregates following relation (1) which we have recently derived (5):

where arel = a2/a1 is the relative particle diameter and a1, a2 are the diameters of
particles before and after the assembly, respectively. This is corroborated by the
observed SP band absorbance shift toward longer wavelengths (11).

The dependence of RELS intensity maximum Isc on CPLL is shown in Figure
8, for λex = 665 nm. The plot of Isc on CPLL shows a clear trend to level of at
higher CPLL. The value of λex = 665 nm was selected since the absorbance change
observed upon addition of PLL is the largest at this wavelength. The nonlinear
dependence of Isc on CPLL is likely due to the limited surface sites’ availability on
Au nanoparticles for PLL molecules.

Figure 8. Dependence of RELS intensity Isc on CPLL for 3.8 nM AuNP5nm solutions
recorded at λex = 665 nm: (1) fit to Langmuir equation (dashed line), (2) fit to
hyper-Langmuirian equation (3) with n = 1.35, K = 2.16 ppmn, Isc,sat = 117,
Isc.bkgr = 2.86 (solid line). (Reproduced with permission from (11). Copyright

2011, Elsevier Publisher.)
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This means that whenmost of the AuNP/Cit surface becomes coated with PLL
molecules, further additions of PLL molecules would not result in the extension
of the aggregation processes. Therefore, a Langmuir-type adsorption equation can
be employed for the experimental data fitting:

where CL is the linker concentration (here: PLL), K – is the linking interaction
equilibrium constant, Isc,0 is the background scattering intensity, and Isc,sat is
the maximum scattering intensity achieved at infinite linker concentration. By
fitting this equation to the experimental data, one obtains the following values of
constants: K = 1.26 ppm-1 and Isc,sat = 142, with regression coefficient R2 = 0.988.
Further enhancement of the model has been attained by introducing the multi-site
adsorption of a linker:

where L is the linker molecule, S – the surface of AuNP/Cit nanoparticles and θ is
the surface coverage. This approach leads to the hyper-Langmuirian equilibrium
equation:

where the stoichiometric coefficient n can assume values higher than 1 or lower
than 1. For n>1, several linker molecules can be accommodated on one equivalent
site. The surface of a single AuNP/Cit particle can be assumed here as the
equivalent unit site. For n < 1, equation (4) is still valid and in this case we have
binding of more than one AuNP/Cit to a large linker molecule. It becomes clear
that by fitting this three-parameter equation to the experimental data can provide
good insights into the stoichiometry and geometry of the ensembles formed in
the linker-induced AuNP assembly process. By applying simplex iterations in
fitting a hyper-Langmuirian equation to the RELS data of Figure 7, the following
parameters are obtained: K = 2.17 ppm-n, n = 1.35, Isc,sat = 117.7, Isc,bkgr = 2.86,
with regression R2 = 0.991. The hyper-Langmuirian equation better evaluates
the saturation level which is overestimated by the simple Langmuirian function.
The obtained value of n = 1.35 indicates that, on average, more than one linker
molecule binds to each gold nanoparticle. The illustration of a network of
PLL-linked AuNP/Cit nanoparticles formed under such conditions is presented
in Figure 6. Note that equation (4) neglects the lateral ligand self-interactions
(corresponding to the cooperativity in Hill terms) which are assumed to be
negligible in comparison to the high affinity of PLL to AuNP@Cit and, also, due
to the small number of linker molecules present on each AuNP@Cit.
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The net charge carried on one AuNP@Cit/PLL nanoparticle can be evaluated
on the basis of the experimental value of n (n = 1.35). For a AuNP with 5 nm
diameter, the number of adsorbed Cit molecules and uncompensated PLL charge
can be calculated as follows:

where SCit = 0.216 nm2 is the surface area per one adsorbed Cit molecule, ΓCit =
4.63x1014molec/cm2, γCit= 0.768 nmol/cm2 is the surface excess of Cit, z= -3 is the
number of charges per Cit molecule, SAuNP = 0.26 nm2 is the surface area of AuNP,
MLys = 146 g/mol and MPLL = 150,000 g/mol, are the molecular masses of lysine
residue and PLL, respectively. Therefore, the total negative charge, generated
by 363 Cit molecules in a AuNP shell, is: q- = -1,089. This negative charge is
overcompensated by the total positive charge of PLL, q+ = 1,387, generated by
1.35 PLL molecules, leading to the net uncompensated charge: q = +297. The
superfluous positive charge, which is primarily due to the corrugation of PLL shell,
is helpful in accommodating large negatively charged loads of DNA fragments and
to engage in transmembrane crossing where the phospholipid heads of a bilayer
membrane carry excess negative charge.

Molecular Dynamics Simulations of Core−Shell Nanoparticles

A molecular dynamics (MD) simulation of the electrostatic interactions and
hydrogen bonding have been performed to gain further insights into the nature of
interparticle Au/Cit/PLL interactions. The results of MD simulations for a citrate-
capped Au9Cit88- cluster with a model PLL, ε-(Lys)3, in the form of ε-(Lys)32+
dication are presented in Figure 9ab and for ε-(Lys)30 neutral chain in Figure 9c.
Figure 10 shows consecutive stages in the approach of a model deprotonated PLL
chain, ε-(Lys)6, to a citrate-capped gold cluster, Au9Cit88-. The frames 1 through
8 show a gradual formation of 9 hydrogen bonds, represented by broken lines.
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The interaction of citrate and PLL with gold surface has been confirmed using
the electrochemical quartz crystal nanogravimetry (EQCN). The proof-of-concept
of gene-carrying capability of a Au/Cit/PLL nanoparticle has been obtained by
recording the binding characteristics of a calf thymus DNA (ctDNA). Figure
11 shows the apparent mass changes recorded upon the addition of Cit, PLL,
and ctDNA to the solution with an immersed Au-coated quartz crystal resonator
electrode. The effect of addition of ctDNA on RELS spectra of Au/Cit/PLL
nanoparticles for excitation wavelength λex = 520 nm, is illustrated in Figure 12.

Figure 9. Molecular dynamics simulation of the electrostatic interactions and
hydrogen bonding of a citrate-capped Au9Cit88- cluster with a model PLL,

ε-(Lys)3, in the form of ε-(Lys)32+ dication (a,b) and ε-(Lys)30 neutral chain (c).
(Reproduced with permission from (11). Copyright 2011, Elsevier Publisher.)
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Figure 10. Molecular dynamics simulation of the interactions of a model
deprotonated PLL chain, ε-(Lys)6, with a citrate-capped Au9Cit88- cluster;

frames (1 to 8) show a gradual formation of 9 hydrogen bonds (broken lines).
(Reproduced with permission from (11). Copyright 2011, Elsevier Publisher.)

Figure 11. Transients of apparent mass Δm after injections of citrate (1),
PLL (2), and ctDNA (3), recorded using EQCN on a QC/Au piezoresonator
at open circuit; injections of reagent are marked with arrows; medium: 0.02
M PBS, pH = 7.45. CCit = 10 mM, CPLL = 30 ppm, CctDNA = 45 μM bp (all
final concentrations). Inset: schematic of an electrodic film with layers of Cit,
PLL and ctDNA on a Au substrate. (Reproduced with permission from (11).

Copyright 2011, Elsevier Publisher.)
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Figure 12. (a) RELS spectra for 3.8 nM AuNP/Cit/PLL core-shell nanoparticles
recorded after addition of increasing concentrations of ctDNA [μM bp]: (1) 0,
(2) 0.15, (3) 0.3, (4) 0.45, (5) 0.6, (6) 0.75. (7) 0.9, (8) 1.05. (b) Dependence of
RELS intensity on ctDNA concentration for: (1) solutions without AuNP/Cit/PLL,
and (2) 3.8 nM solutions of AuNP/Cit/PLL; λex = 520 nm, λem = 520 nm, pH =
7.3, CPLL = 0.67 ppm (all concentrations are final concentrations). (Reproduced

with permission from (11). Copyright 2011, Elsevier Publisher.)

Polymeric Nanoparticles for Immunotherapy

Immunotherapy presents a serious challenge to medical treatment and is
difficult to manage and control. Immunomodulatory therapy is required in
such cases as the autoimmune disorders, trauma, non-biological implant-caused
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inflammations, and foreign-organ implantation and rejection control. For
instance, in diabetes type I, which is a rapidly developing autoimmune disease,
the islet β-cells in the pancreas are destroyed by own-body immune cells. To
protect the insulin-producing islet β-cells against autoimmune destruction by
leucocytes, the administration of anti-leucocyte drugs is necessary. However,
the available drugs, such as the prednisone and cyclosporine A, are barred from
use by FDA due to serious side effects that include kidney damage (84) and
innate immune system damage (85). Recently, the group of Ingber (86) has
developed a targeted nanoparticle nanocarrier able to deliver an anti-inflammatory
drug to islet β-cells and prevent leucocytes from adhering to islet β-cells and
destroying them. The polymeric compound developed is a PEG-ylated copolymer
poly(D,L-lactide-co-glycolide) (PLGA) with amid-bonded peptide (Pep I) with
sequence CHVLWSTRC, found to bind specifically to islet microvessels (87).
This copolymer self-assembles spontaneously in aqueous solutions to form
nanoparticles, 190 nm in diameter, with Pep I exposed on the surface. PLGA was
also reported to be an efficient nanocarrier in gene knockdown using siRNA (88,
89). For instance, the use of polymeric PLGA with nucleic acids and a polycation
have been reported (90).

Lipid-Coated Nanoparticles for Drug Delivery

An alternative to polycation coating is the lipid coating of nanoparticle
nanocarriers. Lipids offer different charge options, including charge-neutral,
biocompatibility, and low immunoresponse. Most research has been done with
liposomes which are vesicles with lipid bilayer membranes. This means that
in this case, the nanoparticle core is a liquid. However, polymer, metal, and
semiconductor lipid-coated nanoparticles have also been investigated. Liposomes
are highly efficient in carrying siRNA (91, 92) and thus, they have been studied
for gene knockdown applications. The electrostatic complexes of siRNA with
peptides, cationic polymers, and membrane lipids in liposomes have also been
investigated (93–95). They are called lipoplexes. The disadvantage of lipoplexes
is that serum and extracellular matrix can induce lipoplex disassembly, thus
limiting their applications in nanomedicine.

Recently, the DeSimone group (16) has developed a very successful PLGA-
copolymer nanoparticle coated with lipids carrying multiple siRNA for prostate
cancer gene knockdown.

Constructing Functional Nanostructures from Nanoparticle
Building Blocks

The well-organized networks of metal nanoparticles are of special interest
for biosensors, nanoelectronics and nanophotonics (96). One-dimensional
AnNP structures have been built using DNA templates (97–99). The DNA
scaffold has been used to construct 2D AuNP-structures (100–104). The discrete
AuNP structures have been synthesized using circular viral genome (105) or
by conjugating AuNP capped with short ssDNA helper-strands with origami
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DNA-scaffold assemblies (106–111). The origami DNA structures have been
obtained, for instance, by utilizing a circular viral M13 DNA, folded by a group
of some 200 short-sequence helper DNA strands with sequences designed to
cause DNA folding and forming DNA-nanoarrays. The low efficiency of DNA
immobilization on AuNP has been solved by adding a second sulfur atom bound
to the gold nanoparticle. Thus, the monothiolate was replaced with a lipoic
acid-terminated carbon chain of the target helper-DNA . The dithiol-modified
DNA have shown to offer twice as high efficiency (112–114) of DNA binding to
gold nanoparticles than a single thiol binding. The errors in DNA-directed AuNP
assembly have been drastically improved with the dithiol technology. Previous
efforts involved designing error-correction DNA tiles (115). Further improvement
in DNA bonding capability to Au-biosensors with stronger and multiple bonding
has been investigated (116).

Figure 13. (Left) The Au nanoparticle (NP) nanostructure around CdTe nanowire
(NW) self-assembled through a streptavidin- biotin (SA-B) bioconjugation.

(Right) Temporal evolution of the fluorescence emission spectrum of NW during
the assembly process. (Reproduced with permission from (117). Copyright 2004,

American Chemical Society.)

Kotov and coworkers (117) described the formation of AuNP nanostructure
surrounding a CdTe nanowire by bioinspired conjugation (Figure 13). They have
found that the surface plasmon-exciton interaction result in five-fold luminescence
increase of CdTe.

Conclusions

The broad range of functionalities the nanoparticles can be equipped with,
including single-scope and theranostic multifunctional capabilities, expands the
latitude of nanoparticles’ biomedical applicability. Hence, extensive studies have
been carried out to develop multi-modal nanoparticle nanocarriers specialized
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to target specific tissue, cells, and even organelles and aid in diagnostic imaging
and/or in delivery of drugs. This trend is certainly growing and will develop in the
near future into a new full-fledged field of nanomedicine. We have already seen
tremendous successes of nanoparticle image enhancers in medical diagnostics,
including MRI, CT scan, ultrasonic, photoacoustic, and Raman imaging. The
greatest benefit of a nanoparticle drug delivery system is appreciated by the
cancer therapy field since a precisely-targeted nanoparticle carrier, unloading a
chemotherapeutic agent directly to a tumor tissue, reduces the effects of high
cytotoxicity of these drugs to healthy cells. In the same way, the localization of the
lethal photosensitizer decomposition in the tumor area in photodynamic therapy
enables preservation of healthy tissue. Precision surgeries can now be performed
on an aggressive brain tumor, glioblastoma, owing to targeted multi-modal
nanoparticle image enhancers guiding the incision and removal of tumor together
with outgrowths, without damaging healthy brain cells. Our knowledge about
cytotoxicity of functionalized nanoparticles is still lacking. In many cases, there
are serious biocompatibility issues and further investigations of all functionalized
nanoparticles have to be carefully carried out to make sure that healthy cells
remain protected and the nanoparticles do not accumulate in the body.
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Chapter 7

Biomarker Detections Using Functional Noble
Metal Nanoparticles

Minghui Yang,1 Jianxiu Wang,1 and Feimeng Zhou*,1,2

1College of Chemistry and Chemical Engineering, Central South University,
Changsha 410083, China

2Department of Chemistry and Biochemistry, California State University,
Los Angeles, Los Angeles, California 90032

*E-mail: fzhou@calstatela.edu

In this chapter, we detail recent advances in immunoassays
for various cancer biomarkers and biomarkers of Alzheimer’s
disease (AD) using functional noblemetal nanoparticles, such as
gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs).
The fascinating properties of these nanomaterials, such as
biocompatibility, large surface area, functional flexibility,
and unique optical as well as electrical properties have been
explored to enhance the sensitivity and selectivity of the
proposed methods. The signal enhancement associated with
the utilization of metal nanoparticles as amplifying labels as
well as the construction of nanoparticle-protein assemblies
provide the basis for ultrasensitive biomarker detection.
Different immunoassay methods, including but are not limited
to electrochemical, optical and surface-enhanced Raman
scattering (SERS) techniques, are compared.

Introduction

Biomarker is generally a characteristic indicator of normal biological and
pathogenic processes, or pharmacological responses to therapeutic treatment
(1–3). The development of highly sensitive and selective methods for the
detection of various biomarkers is of significant importance for clinical diagnosis
as well as biomedical research (4–8). The most commonly used techniques
include enzyme-linked immunosorbent assay (ELISA), immunoprecipitation, gel

© 2012 American Chemical Society
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electrophoresis. Among them, ELISA utilizes an enzyme, such as horseradish
peroxidase (HRP), as a catalytic label for signal amplification (9–12). In such an
assay, a sandwich-type protocol is usually used (13–16). The capture antibody
against a specific biomarker (antigen) is first immobilized in microtiter plates
to bind the antigen, and the immobilized antigen is then recognized by the
HRP-labeled detection antibody. The amount of antigen can be determined by
monitoring the HRP-catalyzed reaction. Typically, the detection limit of ELISA
is in the high ng/mL range. During the early stage of the diseases, the expression
level of some biomarkers in human fluids is usually present in pg/mL range,
so great interest has been paid to improve the sensitivity of the early clinical
diagnostics.

The development of nanotechnology in recent decades has opened up new
opportunities for the application of nanoparticles in bioassay (17–21). Different
nanomaterials, such as carbon nanomaterials (22, 23), metal nanoparticles
(24–26), and magnetic nanoparticles (27–29), have been extensively used due to
their fascinating physical and chemical properties. Among these nanomaterials,
noble metal nanoparticles have attracted special interest because of their unique
optical and electrical properties (30, 31). The signal enhancement associated
with the use of metal nanoparticle-protein assemblies provides the basis for
ultrasensitive detection of various biomarkers (32–35). Gold nanoparticles
(AuNPs), which possess good biocompatibility, functional flexibility as well
as attractive optical, electronic, and catalytic properties, are arguably the most
widely used nanomaterials in bioassay (36–39). Different molecules can either
be directly adsorbed or covalently attached onto AuNPs through thiol-containing
linkers. Great efforts have been made to increase the loading of the molecules
onto AuNPs to enhance the sensitivity of the bioassay. Besides AuNPs, silver
nanoparticles (AgNPs) are another widely used noble metal material with unique
size-dependent optical and electrical properties (40–43).

In this chapter, we review the recent development on the detection of specific
biomarkers using functional noble metal nanoparticles (mainly AuNPs and
AgNPs), with emphasis on the assays of cancer and Alzheimer’s disease (AD)
biomarkers. The detection of these biomarkers is highly relevant to clinical
diagnosis and drug discovery.

Detection of Biomarkers of AD—Amyloid-β Peptides

AD is a neurodegenerative disorder characterized by the presence of senile
plaques formed via aggregation/fibrillization of amyloid-β (Aβ) peptides in
brains of AD patients (44–46). Among the various Aβ aggregates, the oligomers
(including insoluble and the soluble Aβ-derived diffusible ligands (ADDLs)) are
toxic to neurons (47, 48). Elevated ADDL levels have been found in cerebrospinal
fluid (CSF) samples from AD patients (49, 50). Two comprehensive reviews have
demonstrated that the early stages of AD might be caused by the synaptic impact
of ADDLs (44, 51). The association of ADDLs with brain pathology suggests that
a sensitive means to detect ADDLs in body fluids might provide an alternative
early diagnosis of AD. The work performed by van Duyne’s group is particularly
noteworthy (50, 52). Relying on the Ag nanotriangle arrays, for the first time they
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measured the binding constant between ADDL and anti-ADDL antibody with
localized surface plasmon resonance (LSPR) (3.0 × 107 M-1) (52). In general,
LSPR-based biosensing utilizes a strong extinction band in the VIS-NIR range,
originated from the collective oscillation of the conduction electrons in the metal
nanoparticles (53, 54). Based on the specific interaction, the LSPR biosensor has
been successfully utilized for the quantification of ADDL with a detection limit
below 1 fM (Figure 1) (50). The schematic protocol involves the passivation
of the Ag nanoparticles with a mixed monolayer, covalent attachment of the
first anti-ADDL antibody to the nanoparticles, capture of ADDLs with varying
concentrations, and enhancement of the LSPR shift response by the second
anti-ADDL antibody. The concentration levels of ADDLs in human brain extract
and CSF samples from AD patients are much higher than those from controls.
The LSPR nanosensor has been demonstrated to be attractive in enhancing the
detection sensitivity of ADDLs, allowing for the analysis of biological species at
ultra-low levels.

Figure 1. Design and experimental setup for the LSPR biosensor for the detection
of ADDLs using a sandwich assay. (Adapted from ref. (50), with permission.

Copyright © 2010 American Chemical Society.)

Mirkin and coworkers have reported an ultrasensitive bio-barcode assay
of ADDLs in the CSF (55). A sandwich complex was formed via mixing
synthetic ADDLs or CSF samples with magnetic microparticles (MMPs) and
Au nanoparticles modified with double-stranded oligonucleotides (ds-ODNs),
both functionalized with ADDL-specific antibodies. After magnetic separation
of the sandwich complex, hundreds of barcode DNA strands were released via
dehybridization of the ds-ODNs. The released barcode DNA strands, which
correlated with the ADDL concentrations, were assayed by a scanometric method.
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This work is more clinically relevant, as CSF samples analyzed are of a greater
cohort (30 samples), with the AD patients showing a consistently higher ADDL
level.

The abovementioned nanoparticle-based optical assays highly complement
other optical or surface analyses with using only antibody or with antibody-based
signal amplifications. For example, Homola and coworkers used antibody for SPR
detection of Aβ in artificial CSF samples (56), though the detection level is not as
high as those achieved with Ag or Au nanoparticles. We recently synthesized a
conjugate of streptavidin-biotinylated Aβ antibody for simultaneous and amplified
SPR detection of Aβ(1–40) and Aβ(1–42) in CSF samples of AD patients and
healthy donors (57). With the signal amplification, the detection levels are highly
comparable to those attainable by nanoparticle-basedmethods. Moreover, through
the analysis multiple of CSF samples from age-matched AD patients, it was found
that the ratio between the concentrations of Aβ(1–40) and Aβ(1–42) in AD CSF
is consistently higher than that in CSF of healthy donors. This is conceivable
since Aβ(1–42) is more prone to aggregation than Aβ(1–40). Consequently, the
aggregation of Aβ(1–42) and the subsequent deposition in brain decreases the
concentration of Aβ(1–42) in CSF of AD patients.

Tau Protein

The Tau protein is another AD biomarker with an important role in
maintaining the integrity of neurons (58). Aggregation of hyperphosphorylated
tau protein leads to the formation of insoluble neurofibrillary tangles in the brain
tissue of AD patients (58). Ultrasensitive and selective detection of Alzheimer’s
tau protein using gold nanoparticle-based Rayleigh scattering assay has been
demonstrated (58). After mixing tau protein with anti-tau antibody-coated gold
nanoparticles, the Rayleigh scattering intensity increased by about 16 times
(Figure 2). The detection level of 1 pg/mL is 2 orders of magnitude lower than the
typical tau concentration in CSF. The gold nanoparticle-based Rayleigh scattering
assay serves as a viable alternative for rapid, reliable diagnosis of AD biomarkers.
Assay of Alzheimer’s tau protein has also been reported using LSPR-based
immunochip, enabling the detection of tau protein at 10 pg/mL (59).

Detection of Cancer Biomarkers

In general, cancer biomarkers are endogenous proteins or metabolites that
can be used as possible diagnostic indicators of cancers (60, 61). The expression
profiles of these cancer biomarkers in tumor tissues or body fluids are indicative
of tumorigenesis and progression, and may allow therapeutic treatments to
be developed (62–66). Because there are numerous cancer biomarkers and
it is impossible to cover all of them in this chapter, we focused mainly on
three types of cancer biomarkers, transcription factors, cell surface receptors,
and secreted proteins (67, 68). These biomarkers are chosen because of their
linkage to various cancers and the fact that they are widely studied. The cancer
biomarkers selected herein are cell surface glycans, which are a type of cell
surface receptor; interleukin-6 (IL-6) and tumor necrosis factor α (TNF-α), which
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are cell signaling molecules; prostate specific antigen (PSA), α-fetoprotein (AFP),
carcinoembryonic antigen (CEA), all of which are secreted proteins; p53 and
platelet-derived growth factor (PDGF), which are transcription factors, as well
as some other biomarkers, such as mucin protein MUC4, carbohydrate antigens
15-3 (CA15-3), progastrin releasing-peptide (ProGRP) and Vascular endothelial
growth factors (VEGF) (69–71).

Figure 2. Schematic representation of the synthesis of monoclonal anti-tau
antibody-conjugated gold nanoparticles and sensing of tau protein (A). TEM
images of anti-tau antibody-conjugated gold nanoparticles before (B) and after
addition of 20 ng/mL tau protein (C). (Adapted from ref. (58), with permission.

Copyright © 2009 American Chemical Society.)

Cell Surface Receptors—Glycan Expression on Cell Surface

Cell surface glycans, a large group of biomolecules with diverse structures,
play an important role in many cellular processes (72–75). The variation in cell
surface glycans has been shown to be associated with many diseases, such as
inflammation and cancers (76, 77). For example, the overproduction of sialic acid
groups (one kind of glycan) has been found on colorectal cancer cells (78). Tumor-
associated alteration of cell surface glycans is crucial in metastasis of carcinoma
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cells since tumor cell adhesion or motility is changed (79, 80). Recently, Zhang
and co-workers measured the expression of mannose and sialic acid by normal
and cancer cells (81). Lectin and thionine (Th) were co-immobilized onto AuNPs
and the resulting bioconjugate was used as a label for signal amplification. Two
lectins, concanavalin A (Con A) and Sambucus nigra agglutinin (SNA), were used
to fabricate the Con A- and SNA-based bioconjugates that are specific to mannose
and sialic acid, respectively. The lectins on the bioconjugates were then used for
recognition of glycans on cell surface, while Th served as an electroactive probe.
Enhanced sensitivity for the analysis of glycan expression has been achieved with
the increased loading of Th molecules on AuNPs. The results demonstrate that
mannose exhibits higher expression levels in both normal and cancer cells, while
sialic acid is more abundant in cancer cells as compared to normal ones.

Ju’s group studied glycan expression on living cells using multifunctional
AuNP probes (82). The probe was fabricated by conjugating biotin-DNA and
a large number of HRP molecules on AuNPs. The hydroxyl sites of sialyl and
galactosyl groups on cell surfaces were selectively oxidized to aldehydes by
periodate and galactose oxidase, respectively, followed by aniline-catalyzed
hydrazone ligation with biotin-hydrazide for specific recognition to avidin.
Through biotin-avidin complexation, the multifunctional AuNPs could be
conveniently attached to the glycan sites on cell surface (Figure 3). The DNA
chains on the AuNPs could obviate the steric effect, and horseradish peroxiase
(HRP) could trigger the chemiluminescent (CL) emission of the luminal-H2O2
system. Thus the expression of both sialyl and galactosyl groups could be
selectively detected by CL imaging.

Figure 3. Schematic representation of (A) nanoprobe assembly and (B) CL
imaging for analysis of cell surface glycan expression. (Adapted from ref. (82),

with permission. Copyright © 2012 American Chemical Society.)
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In another work by Ju’s group, sensitive electrochemical monitoring of
dynamic carbohydrate expression on living cells was reported using lectin
(Con A)- and HRP-functionalized AuNP nanoprobes (83). The binding of the
nanoprobes to cell surface results in the catalytic current by HRP. The method has
been demonstrated to be highly sensitive with a detection limit down to 15 cells.
The developed method is capable of monitoring the variation of carbohydrate
expression on cancer cells in response to drugs, such as swainsonine (SW),
which could increase the expression of terminal high-mannose type glycan on
cell surface. The above mentioned papers are all based on co-immobilization of
glycan-binding molecules and signaling (probe) species onto AuNPs. However,
efforts should be made to prevent the aggregation of the functionalized AuNPs
and to increase their stability.

Cell Signaling Molecules—Interleukin-6 (IL-6)

IL-6 is a cytokine that provokes a wide range of cellular and physiological
responses, such as immune response, inflammation, hematopoiesis, and
oncogenesis (84–88). It is also a biomarker of head and neck squamous cell
carcinoma (HNSCC), which affects about 44 000 patients in the United States.
The mean concentration of IL-6 exceeds 20 pg/mL in patients with HNSCC,
while it is below 6 pg/mL in healthy controls (89–91). The ultralow levels of IL-6
in human sera present great challenges for its precise detection.

Wang et al. designed an electrochemical immunosensor for sensitive
detection of IL-6 via a dual amplification strategy using AuNP-Poly-dopamine
(PDOP) as the sensing platform and HRP-functionalized AuNP-PDOP@carbon
nanotubes (CNTs) as a catalytic label (92). The AuNP-PDOP film was stable
and exhibited high efficiency for the capture antibody immobilization. The
AuNP-PDOP@CNTs, synthesized by electroless deposition of AuNPs on the
PDOP-coated CNTs, is capable of loading a large number of HRP and the
detection antibody molecules. Greatly enhanced sensitivity was achieved with a
linear range from 4.0 to 800 pg/mL and a low detection limit of 1.0 pg/mL.

Liang and co-workers constructed a highly sensitive, fast and label-free
conductometric immunosensor for determination of IL-6 via encapsulation
of HRP-labeled anti-IL-6 antibody (HRP-anti-IL-6) in dendrimers- and
AuNPs-modified nanocomposites (93). The incorporation of AuNPs and
dendrimers provided a conductive microenvironment, leading to direct electron
transfer between the immobilized HRP and the electrode. When exposed to
IL-6-containing samples, the captured IL-6 molecules blocked the electron
transfer process, resulting in a decreased catalytic current of HRP toward H2O2.
However, due to the thick protein shell of the enzyme, direct electron transfer
between HRP and the electrode is usually difficult, which leads to relatively low
sensitivity.

The work by Rusling’s group compared the performance of electrochemical
immunosensors for IL-6 using single-wall carbon nanotube (SWNT) forests and
glutathione-protected AuNPs (GSH-AuNPs) as sensing platforms (94). Both
configurations were based on the sandwich structure using HRP as a label. The
detection limit by GSH-AuNPs is lower than that by SWNT forests. Furthermore,
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a much wider linear range (20–4000 pg/mL) was obtained with GSH-AuNPs, in
comparison with that achievable with SWNT forests (40–150 pg/mL). In another
work by the same group, electrochemical detection of IL-6 by inkjet-printed
AuNP array was performed (95). Such a configuration possesses a highly
reproducible surface area and lowers the detection level of IL-6 to 20 pg/mL.

Recently, one of us reported the IL-6 detection based on AuNPs-mediated
electron transfer across insulating self-assembled monolayers (SAMs) (96).
Adsorption of metal nanoparticles onto insulating SAMs has been reported to be
capable of mediating efficient electron transfer between the redox species and
the electrode (97). To build the immunosensor, 11-mercaptoundecanoic acid
(11-MUA) was self-assembled onto gold electrodes to insulate the electrode. Then
the capture antibody, IL-6 of various concentrations and AuNPs-labeled detection
antibody were sequentially attached onto the electrodes. The redox signal of
[Fe(CN)6]3− is proportional to the concentration of IL-6. The sensitivity was
further enhanced by enlargement of the AuNPs and the subsequent modification
with positively charged surfactant cetyltrimethylammonium bromide (CTAB).
The enlarged AuNPs increases the electroactive surface area, resulting in a greater
redox signal, while the electrostatic attraction between CTAB-modified AuNPs
and [Fe(CN)6]3− further facilitates the electron transfer reaction (Figure 4). A
detection limit of 2.0 pg/mL was achieved.

Figure 4. Schematic representation for construction of the immunosensor for
detecting IL-6 with sequential attachments of IL-6 capture antibody, IL-6, and
AuNPs coated with detection antibody. (Adapted from ref. (96), with permission.

Copyright © 2011 Elsevier.)
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Cell Signaling Molecules—Tumor Necrosis Factor α (TNF-Nα)

TNF-α is an inflammatory cytokine produced in response to infection or
cancer (98–100). TNF-α is involved in a variety of pathological and physiological
processes and linked to rheumatoid arthritis, psoriasis, and Crohn’s disease (101,
102). Usually, the concentration of TNF-α in healthy individuals is very low (2
pg/mL), thus sensitive and precise detection of TNF-α is much needed (103).

An electrochemical immunosensor for the detection of TNF-α using
AuNPs-modified poly(styrene-acrylic acid) (PSAA) nanospheres has been
reported by Zhu’s group (104). Alkaline phosphatase (ALP) was conjugated
to the nanospheres and used as a label for immunoassay. After the sandwich
immunocomplex formation, the labeled ALP hydrolyzed α-naphthyl phosphate
to the electroactive α-naphthol, which could be detected electrochemically. The
proposed method can determine TNF-α with a concentration range of 0.02–200.00
ng/mL.

Lee and co-workers designed a gold nanoarray-based protein chip for the
detection of TNF-α by total internal reflection fluorescence microscopy (TIRFM)
(105). The gold nanoarray was fabricated on glass substrates using an electron
beam evaporator. Dithiobis(succinimidyl propionate) was used as a protein linker
and Protein A/G was selected to orient the immobilized antibody. Concentration
range of 130 fM–13 aM of TNF-α was achieved with TIRFM. However, the
method involves rather complicated instrumentation.

Secreted Proteins—Prostate Specific Antigen (PSA)

PSA is a protein generated by cells of the prostate gland (106). Typically,
healthy men have a low level of PSA in their blood (below 4 ng/mL). However,
prostate cancer or benign (not cancerous) conditions can result in an increased
PSA level (107–109). The higher a man’s PSA level, the more likely he will be
susceptible to prostate cancer, though other possibilities also exist for an elevated
PSA level (110). The PSA test has been approved by the U.S. Food and Drug
Administration (FDA) to detect prostate cancers in men of 50 years or older.

Rusling’s group developed an ultrasensitive electrochemical immunosensor
for PSA via layer-by-layer assembly of poly(diallydimethylammonium chloride)
(PDDA) and glutathione-protected AuNPs. Such a configuration renders a dense
layer of AuNPs on the electrode, leading to an increased active area for antibody
loading. Moreover, the good conductivity of AuNPs facilitates the electron
transfer occurring at the electrode surface. Capture of anti-PSA antibody was
then achieved via reaction between carboxylic acid groups on glutathione and
amino groups on the antibody. HRP-conjugated magnetic beads were used as a
catalytic label for PSA detection. The immunosensor exhibited high sensitivity
and the detection limit was estimated to be 5.0 fg/mL (111).

Li and co-workers fabricated an immunosensing platform for the detection of
PSA via monitoring the electrogenerated chemiluminescence (ECL) of luminal
(112). ECL exhibits several advantages, such as high sensitivity, a wide linear
range, low background and simple instrumentation (113–117). The sensing
protocol involved a traditional sandwich immunoassay format in which gold
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nanorods (GNRs) served as a carrier to load the detection antibody and glucose
oxidase (GOx) (Figure 5). The enzyme GOx on GNR could catalyze the luminal
reaction in the presence of glucose and oxygen to generate ECL. GNR was not
only used to increase the loading of GOx for an enhanced ECL intensity, but also
catalyze the ECL reaction, further amplifying the detection signals. Under the
optimized conditions, the immunosensor could determine PSA with a linear range
from 10 pg mL-1 to 8 ng mL-1 and a detection limit down to 8 pg mL-1.

Figure 5. (A) Modification protocols of gold nanorods and (B) ECL immunoassay
of PSA via multiple amplification strategy. (Adapted from ref. (112), with

permission. Copyright © 2011 American Chemical Society.)

AuNPs exhibit unique and tunable optical properties, which have been
utilized in bioassays. For example, a strong UV-vis absorption band was
observed, which was absent in the spectra of bulk metals (118, 119). The
change in the size, aggregation status or surface properties of AuNPs could
alter the UV-vis absorption (120, 121). Huo et al. developed a homogeneous
immunoassay for PSA using dynamic light scattering (DLS) (122). DLS has
been commonly used to monitor the size distribution of proteins, polymers and
nanoparticles (123, 124). As shown in Figure 6, GNR was decorated with capture
anti-PSA antibody and the detection antibody was conjugated to AuNPs. When
the two modified nanoparticles were mixed in the presence of PSA, various
immunocomplexes, such as dimers, oligomers, or aggregates were formed,
depending on the concentration of PSA. Through DLS analysis, the relative ratio
of dimers, oligomers, and aggregates versus individual nanoparticles could be
determined. Such a ratio increased with the PSA concentration. The advantages
of this method are obviation of any washing steps, high speed, and low sample
volume requirement. The gold nanostructures serve as nanocarriers for proteins,
and their size change could be utilized for quantification of PSA.
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Figure 6. Schematic illustration of the homogeneous immunoassay using
antibody-conjugated nanoparticles and nanorods. (Adapted from ref. (122), with

permission. Copyright © 2008 American Chemical Society.)

Figure 7. Schematic representation of the immunoassay procedures used for
scanometric assay of PSA, hCG, and AFP. (Adapted from ref. (125), with

permission. Copyright © 2009 American Chemical Society.)
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Mirkin and co-workers reported a microarray-based multiplexed scanometric
immunoassay using AuNPs as a detection antibody label (125). PSA was selected
as a model biomarker and then the microarray was extended for the simultaneous
detection of PSA, human chorionic gonadotropin (hCG), and α-fetoprotein
(AFP). Electroless silver or gold deposition on AuNPs was performed for the
following optical detection (Figure 7). Interestingly, they found that electroless
Au deposition results in greater signal enhancement and lower detection limit
than silver deposition. Such a difference could be ascribed to different growth
mechanisms. After one round of Au deposition on AuNPs, the resultant
nanoparticles could be used as nucleation sites for another round of deposition,
which causes continuous nucleation of new AuNPs. While silver deposition
usually caused autocatalytic reduction of silver on the AuNPs, the as-formed gold
microstructures were much larger than those by silver. The proposed method
has been demonstrated to be capable of determining PSA, hCG, and AFP at low
picomolar levels in buffer and in 10% sera. The advantage of such method is the
simple instrument used for the detection.

Surface-enhanced Raman scattering (SERS) is a surface-sensitive technique
with enhanced Raman scattering caused by the adsorption of molecules onto
rough metal surface (126–128). The enhancement factor could be as much as
1010 to 1011 with the use of AuNPs as the SERS substrate (129, 130). Zhou et
al. developed an immunoassay for PSA using SERS (131). Capture antibody
was attached to the synthesized Fe3O4/Au nanoparticles, while SERS label
malachite green isothiocyanate (MGITC) and the detection antibody were both
conjugated to the 30-nm AuNPs. In the presence of PSA, immunocomplex of
AuNP-PSA-Fe3O4/Au was formed. After magnetic separation, the MGITC was
detected by SERS. The rough outer Au shells on the Fe3O4 surface act as an
excellent substrate for antibody immobilization and for SERS detection.

Shin’s group reported the use of elliptical Au nanodisk array as LSPR sensing
substrate for immunodetection of PSA (132). Capture anti-PSA antibody, PSA and
alkaline phosphatase-labeled detection antibody were immobilized sequentially
onto the Au nanodisk to build the sandwich structure. The enzyme then catalyzed
the reduction of 5-bromo-4-chloro-3-indolyl phosphate p-toluidine/nitro blue
tetrazolium (BCIP/NBT) with the formation of the precipitates onto the Au
nanodisk surface, which resulted in variations of local refractive index.

α-Fetoprotein (AFP)

AFP is an abundant protein normally found in the developing fetuses (133).
Very low levels of AFP (below 10 ng/mL) are present in healthy children and
adults, except for pregnant women (134, 135). Elevated blood levels of AFP are
associated with liver diseases, such as hepatocellular carcinoma (HCC), which is
the sixth most common cancer worldwide with almost the lowest survival rates
(136, 137).

Many groups have fabricated AuNPs-based immunosensors for the detection
of AFP. For example, immunosensors have been constructed by immobilization
of capture anti-AFP antibodies onto AuNPs-decorated Nafion electrodes (138),
by electrodeposition of AuNPs and Prussian Blue on ITO electrode (139), by
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using carbon paste electrodes prepared with ionic liquid and AuNPs (140), or by
immobilization of AFP onto electrodes functionalized with AuNPs- and carbon
nanotube (CNT)-doped chitosan film (141).

Yan and co-workers designed an inhibition assay for AFP based on
fluorescence resonance energy transfer (FRET) in which functionalized
AuNPs were used as a fluorescence quencher (142). Persistent-luminescence
nanoparticles (PLNPs) of Eu2+- and Dy3+-doped Ca1.86Mg0.14ZnSi2O7 were
prepared and modified with polyethyleneimine (PEI) to serve as a fluorescence
acceptor (PEI-PLNPs). The electrostatic interaction between positively
charged PEI-PLNPs and negatively charged antibody-modified AuNPs
(Ab-AuNPs) resulted in quenching of the fluorescence. Addition of AFP to the
PEI-PLNPs/Ab-AuNPs conjugates led to obvious recovery of the luminescence
of PEI-PLNPs due to desorption of Ab-AuNPs from PEI-PLNPs caused by the
competition of AFP with PEI-PLNPs for Ab-AuNPs. Furthermore, successful
monitoring of AFP excretion by Bel-7402 cells (a kind of malignant HCC cell)
and L-O2 cells (a kind of normal hepatic cell) has been demonstrated.

Wang’s group described an amplified immunoassay for protein cancer
biomarker AFP using DNAzyme-functionalized AuNPs as a catalytic label
(143). The DNAzyme mimics the functions of peroxidase and can be used as
a substitute of HRP. Enhanced sensitivity has been achieved via loading large
number of DNAzyme units on each AuNP surface. The traditional immunoassay
strategy was employed in which a sandwich complex MMPs-AFP-AuNPs was
formed between the MMPs modified with capture anti-AFP antibody and the
AuNPs functionalized with DNAzyme and the detection anti-AFP antibody in
the presence of AFP. After magnetic collection of the complex, the DNAzyme
unit on the AuNPs was released and then reacted with the substrate, resulting in
color change of the substrate solution, which could be monitored by a UV-vis
spectrometer. However, UV-visible absorption measurements usually results in
relatively low sensitivity. To prevent nonspecific adsorption and to improve the
selectivity of the assay, traditional blocking procedures should be attempted.

Tang and co-workers developed a multiplexed immunoassay protocol for
simultaneous electrochemical determination of AFP and carcinoembryonic
(CEA) using multifunctional nanogold hollow microspheres as a distinguishable
signal label (144). HRP-ferrocene and HRP-thionine were incorporated into
nanogold hollow microspheres (GSH), which were utilized as tags for the
detection anti-AFP antibody and anti-CEA antibody, respectively. The assay was
performed based on the catalytic reduction of H2O2 by the two GSH labels in the
presence of the corresponding mediators. In another work by Tang’s group, a
sandwich electrochemical immunoassay for AFP using carbon nanotube-enriched
gold nanoparticles (CNT-AuNPs) as a label has been demonstrated (145).
In solutions containing p-nitrophenol (NP) and NaBH4, NP was reduced to
p-aminophenol (AP) by AuNPs on the CNT-AuNPs, and then the generated
AP was electrochemically oxidized to p-quinoneimine (QI) by thionine on the
electrode surface. The oxidized QI could be reduced back to AP by NaBH4. The
redox cycling of AP and QI could be continued, resulting in high sensitivity of the
method. An extremely low detection limit of 0.8 fg/mL has been achieved, which
is six orders of magnitude lower than that by commercially available ELISA.
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Although the detection sensitivity was increased, the relatively complicated
procedure associated with the signal amplification step somewhat hampers the
reproducibility of the assay.

Carcinoembryonic Antigen (CEA)

CEA is a protein found in many different cells, being typically associated
with certain tumors and the developing fetuses (146, 147). The normal range of
CEA is below 2.5 ng/mL in an adult. The most frequent cancer that exhibits an
increased CEA level is colorectal cancer (148, 149). Others include pancreatic
cancer, stomach cancer, breast cancer, lung cancer, and certain types of thyroid
and ovarian cancers (150, 151).

Figure 8. Schematic representation of the electrochemical immunosensor array
and the electrochemical multiplexed immunoassay with an electric field-driven
incubation process. (Adapted from ref. (152), with permission. Copyright ©

2008 American Chemical Society.)

Ju’s group reported the multiplexed detection of protein biomarkers
carbohydrate antigens 153, 125, 199 (CA 153, CA 125, CA 199) and CEA
using a disposable reagentless electrochemical immunosensor array (Figure 8)
(152). AuNPs modified with HRP-labeled antibody were immobilized onto
chitosan/sol-gel-modified electrodes to achieve enhanced direct electrochemical
response of HRP. The HRP-labeled antibody could then capture the corresponding
antigens in sample solution, resulting in decreased electrochemical signals of HRP
due to increased spatial blocking and impedance caused by the nonconductive
immunocomplex formation. An electric field-driven incubation strategy has been
applied to shorten the antibody-antigen reaction time to 2 min. The multiplexed
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assay could find potential applications in high-throughput screening of tumor
biomarkers. In another work by the same group, a triple signal amplification
strategy for the detection of CEA has been reported (153). Graphene-modified
electrode was used as a sensing platform for the immobilization of the capture
antibody, and AuNPs-modified poly(styrene-co-acrylic acid) (PSAA) microbeads
were designed as a label in which AuNPs could induce silver deposition for
anodic stripping analysis. The high surface-to-volume ratio of PSAA microbeads
leads to numerous AuNPs loaded onto the PSAA surface. CEA was determined
by assay of silver on the PSAA surface.

Lv et al. reported an immunoassay for CEA based on gold-silver amplification
by inductively coupled plasma-mass spectrometry (ICP-MS) (154). The sensing
protocol is based on AuNPs-catalyzed silver deposition followed by the detection
of the deposited silver using ICP-MS (Figure 9). But the detection based on ICP-
MS increased the assay cost. Besides ICP-MS detection, after silver enhancement,
visible black color appeared, which could enable detection of CEA as low as 10
ng/mL.

Figure 9. Schematic diagram of the sandwich immunoassay for human CEA
based on silver amplification. (Adapted from ref. (154), with permission.

Copyright © 2011 American Chemical Society.)
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Transcription Factors—P53

p53 is a transcription factor being capable of inhibiting the growth of tumor
cells (155–157). The p53 tumor suppression pathway is deactivated in almost
all human cancers (158) and about 50% of the cases are resulted from mutations
in the p53 gene. The mutated p53 protein loses its ability to bind the consensus
DNA fragments with specific sequences (159, 160). We have designed a signal
amplification strategy for the detection of p53 using ferrocene-capped gold
nanoparticle/streptavidin conjugates (Figure 10) (161). The assay was performed
with the capture of wild-type p53 protein by ds-ODNs containing the consensus
DNA sequence and the subsequent derivatization of p53 for the attachment of
the nanoconjugates. Because each AuNP was decorated with more than 100
ferrocene molecules, the electrochemical signals have been greatly amplified. The
developed method can determine p53 concentration as low as 2.2 pM. Due to the
specific binding of wild-type p53 to the consensus DNA sequence, the method is
highly selective and sensitive for the wild-type p53 protein in normal and cancer
cell lysates. However, such a protocol did not allow an accurate determination of
the extent of p53 mutation. With a dual-channel surface plasmon resonance (SPR)
instrument, simultaneous and label-free determination of wild-type and mutant
p53 present in cancer cell lysates has been carried out (162). The dual-channel
SPR affords a rapid route for determination of p53 mutation.

Figure 10. Schematic representations of the capture of p53 by ds-ODN-modified
electrodes and the follow-up amplified voltammetric detection of p53 via

oxidation of the ferrocene tags on the gold nanoparticle/streptavidin conjugates.
Scheme (a) depicts the most stable p53 binding to ds-ODNs at the electrode, while
scheme (b) shows two other possible surface binding configurations. (Adapted
from ref. (161), with permission. Copyright © 2008 American Chemical Society.)

Lin and co-workers developed a multiplexed electrochemical immunoassay
for fast and sensitive detection of phosphorylated and total p53 simultaneously
(163). GNR was selected as a nanocarrier for HRP and the detection antibody to
achieve multienzyme binding onto each GNR surface. Different capture anti-p53
antibodies were immobilized onto the working electrodes of the sensor array to
enable simultaneous immunoassaywithout cross-talk between adjacent electrodes.
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The whole sandwich immunoreaction processes were accelerated (less than 5 min)
by applying a positive driving potential to accelerate the transport of negatively
charged antigens and a low negative driving potential to accelerate the transport
of positively charged GNR bioconjugates. Due to the greatly enhanced sensitivity
and much shortened immunoreaction time, the method holds great promise for
potential clinical applications.

Bizzarri et al. reported the detection of wild-type and mutant p53 proteins
via SERS (164). The Raman reporter bifunctional linker 4-aminothiophenol (4-
ATP) was used with a thiol group on one side binding to AuNPs, while the amino
groups on the other side were functionalized to bind the lateral chains of p53.
The resultant bioconjugates p53-4-ATP-AuNPswere then captured by the bacterial
blue-copper protein azurin (Az)-covered self-assembled monolayers in which Az
could strongly bind to both wild-type and mutant p53 proteins. Because one
AuNP was covered with about 104 4-ATP molecules, the SERS signal was greatly
enhanced. The method could determine both wild-type and mutant p53 proteins
with high sensitivity and selectivity. The drawback of the method is that the p53
molecules need to be pre-labeled with 4-ATP-AuNPs.

Platelet-Derived Growth Factor (PDGF)

PDGF is a growth factor protein in human platelets, which regulates cell
growth and division (165, 166). PDGF is associated with a variety of disorders,
cell transformation, tumor growth and progression (167–170). PDGF is composed
of two A (PDGF-AA) or two B (PDGF-BB) chains or a combination of both
(PDGF-AB).

Chang’s group described the homogeneous photoluminescence quenching
assay for PDGF-AA and PDGF α-receptor using Au nanoparticles of two different
sizes, which acted separately as a donor and an acceptor (171). The construction
of the donor and acceptor was realized via conjugation of PDGF-AA to 2.0-nm
MUA-protected photoluminescent Au nanodots (AuNDs) and by attachment of
thiol-derivative PDGF binding aptamer (Apt) to 13-nm AuNPs, respectively.
The photoluminescence of PDGF-AA-AuNDs at 520 nm was quenched by the
presence of Apt-AuNPs. However, in the presence of different concentrations of
PDGFs, the competitive reaction between PDGF and Apt-AuNPs resulted in an
increase in the photoluminescence intensity. The detection limit for PDGF-AA
and PDGF α-receptor was estimated to be 80 pM and 0.25 nM, respectively.
The feasibility of the method for real sample analysis has been demonstrated
through assays of PDGF in serum-free conditioned cell media and urine samples.
In another work by the same group, aptamer-modified AuNPs (Apt-AuNPs)
were used as a molecular light switching sensor for PDGF detection (172).
Due to the unique structure of the aptamer with triple-helix conformation,
N,N-dimethyl-2,7-diazapyrenium dication (DMDAP) and PDGF could be both
linked to the PDGF-binding aptamer. With intercalation of DMDAP into the
aptamers, the fluorescence of DMDAP was almost completely quenched in the
presence of the Apt-AuNPs complex. With the addition of PDGF of various
concentrations, DMDAP and PDGF competed with the aptamer molecules on the
AuNPs, restoring the fluorescence of DMDAP (Figure 11).
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Figure 11. Schematic representation of PDGF nanosensors based on modulation
of the FRET between DMDAP and Apt-AuNPs. (Adapted from ref. (172), with

permission. Copyright © 2007 American Chemical Society.)

Chang’s group also developed a colorimetric assay for selective and
sensitive detection of PDGF based on aptamer- and fibrinogen-modified AuNPs
(Apt-AuNPs, and Fib-AuNPs, respectively) (173). PDGF-binding aptamer
(AptPDGF) and thrombin-binding aptamer (Aptthr) were both linked to AuNPs
(AptPDGF/Aptthr-AuNPs) for specific interaction with PDGF and thrombin,
respectively. The cleavage of Fib on the Fib-AuNPs complex by thrombin induced
fibrin assembly into fibrin-AuNPs aggregates, which caused the color change
from light red-purple to dark blue. In the presence of AptPDGF/Aptthr-AuNPs,
the activity of thrombin was inhibited through its specific binding with Aptthr.
However, due to the formation of PDGF-AptPDGF/Aptthr-AuNPs, the addition of
PDGF minimized the interaction between Aptthr and thrombin as a result of steric
effect. Such a decreased interaction restored the activity of thrombin toward Fib.
As a result, the amount of fibrin-AuNP aggregates was increased, which could
be easily monitored by UV-vis spectrometry. But compared to the two methods
from the same group that we reviewed above, this is a more complex procedure.

Shen et al. designed a label-free self-locked bifunctional oligonucleotide
probe for assay of PDGF-BB and p53 gene in parallel (174). Signal enhancement
protocol of isothermal circular strand-displacement polymerization reaction
has been employed to amplify the detection signals. In such a method,
target/recognition probe interaction promoted the hybridization between
the primers, which triggered the isothermal polymerization when using the
linear recognition probe as the template. The polymerase then displaced the
hybridized target during the primer extension, creating a primer-extended
sequence/recognition probe hybrid. The displaced target in turn triggered the next
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polymerization reaction. The proposed method can determine PDGF-BB with a
linear range of 8–5000 ng/mL and the detection limit was estimated to be 0.87
ng/mL. The sensing protocol could serve as an alternative for screening p53 gene.
However, the sensing protocol is somewhat complex, reducing the reproducibility
of the assay.

Detection of Other Cancer Biomarkers

In addition to the abovementioned biomarkers, attempts have also been
made for sensitive detection of other biomarkers using functionalized metal
nanoparticles. Pancreatic cancer (PC) is one of the most lethal tumors with
a 5-year survival rate of only 6%. Mucin protein MUC4 was overexpressed
in most PC, while it was undetectable in normal pancreas. Thus MUC4 is a
potential diagnostic biomarker for PC (175). Lipert and co-workers reported
an immunoassay for MUC4 using SERS (176). Raman reporter molecules and
the detection antibody were both linked to AuNPs. Relying on the sandwich
immunoassay protocol, MUC4 was quantified by the characteristic SERS
spectrum of the immobilized Raman reporter molecules (Figure 12).

Figure 12. A SERS-based immunoassay chip design and the assay scheme: (A) a
substrate was used to specifically extract and concentrate antigens from solution;
(B) surface-functionalized AuNPs were allowed to bind to the captured antigens
to generate intense SERS signals; and (C) the final sandwich immunoassay for
the SERS readout. (Adapted from ref. (176), with permission. Copyright © 2011

American Chemical Society.)
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Ambrosi et al. reported an optical immunoassay for CA15-3, an
important biomarker of breast cancer (177). AuNPs were used as carriers for
HRP-conjugated anti-CA15-3 antibody. The incorporation of AuNPs enables the
attachment of multiple enzyme molecules, resulting in amplified optical signals
and low background noise. Progastrin releasing-peptide (ProGRP) is a specific
and reliable tumor biomarker of small-cell lung cancer (178). Yuan’s group
constructed an electrochemical immunosensor for ProGRP in which AuNPs
were anchored onto TiO2 nanoparticles (AuNP/TiO2 nanocomposites) followed
by the attachment of GOD and antibody (179). The large specific surface
area of AuNP/TiO2 increased the loading of GOD and the antibody, while the
good biocompatibility of AuNPs retained the bioactivity of the biomolecules.
Vascular endothelial growth factors (VEGF) is a signaling protein that stimulates
vasculogenesis and angiogenesis, being overexpressed in many human solid
tumors (180). Sung et al. reported the electrochemical immunoassay for VEGF
using AuNPs-modified indium tin oxide (ITO) electrode as a sensing platform
(181). VEGF antibodies were cleaved into two half fragments, which were
immobilized onto the AuNPs-modified ITO surface through the thiol groups.
In this way, oriented attachment of the antibodies with more available sites for
VEGF has been achieved. Using ferrocene as a detection antibody tag, the
immunosensor is capable of determining VEGF within a linear range from 100
to 600 pg/mL.

Conclusions and Outlook

We reviewed recent applications of noble metal nanoparticles to sensitive
detection of trace levels of cancer biomarkers and biomarkers of Alzheimer’s
disease (AD) and commented on the novel aspects and limitations of many of the
methods. The bioconjugated nanoparticles allow protein recognition events to be
combined with different signal transduction processes, leading to the development
of a variety of novel sensing protocols. Functional noble metal nanoparticles
offer several attractive features, such as high sensitivity, simplicity, and direct
visualization. It is well known that AuNPs displays good biocompatibility.
AgNPs, similar to some heavy metal-based quantum dots, can be highly toxic to
mammalian cells (182–184). Thus, more work needs be conducted to evaluate the
toxicity of AgNPs to mammalian cells and caution should be exercised in future
studies about the dosage and proper use of AgNPs for cell-based assays. From
the select examples, it is evident that greater efforts need to be made to increase
the stability, selectivity and reproducibility of the developed methods. Though
appealing, the metal nanoparticles are prone to cause non-specific adsorption
of the biomarkers. Therefore, care must be taken in devising effective surface
modification schemes to prevent nonspecific adsorption to avoid false-positive
readouts. Currently, many of the existing detection protocols are limited to
mainly feasibility studies, and are still not regarded to be highly relevant to assays
in clinical and point-of-care settings. Future efforts should be directed towards
assessment of large quantities of clinical samples to demonstrate the applicability
of given methods for reliable and high-throughput diagnostics. Undoubtedly,
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fully understanding the physical and chemical properties of the noble metal
nanoparticles may expand their range of applications. With the development of
nanotechnology and new detection methods, simple and cost-effective biomedical
devices for point-of-care tests will continue to evolve.
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AD = Alzheimer’s disease
AuNPs = gold nanoparticles
AgNPs = silver nanoparticles
SERS = surface-enhanced Raman scattering
ELISA = enzyme-linked immunosorbent assay
HRP = horseradish peroxidase
Aβ = amyloid-β
LSPR = localized surface plasmon resonance
ADDLs = Aβ-derived diffusible ligands
CSF = cerebrospinal fluid
MMPs = magnetic microparticles
ds-ODNs = double-stranded oligonucleotides
IL- 6 = interleukin-6
TNF-α = tumor necrosis factor α
PSA = prostate specific antigen
AFP = α-fetoprotein
CEA= carcinoembryonic antigen
PDGF = platelet-derived growth factor
ProGRP = Progastrin releasing-peptide (ProGRP)
CA15-3 = carbohydrate antigens 15-3
VEGF = vascular endothelial growth factor
Th = thionine
Con A = concanavalin A
SNA = Sambucus nigra agglutinin
CL = chemiluminescent
SW = swainsonine
HNSCC = head and neck squamous cell carcinoma
PDOP = Poly-dopamine
SWNT = single-wall carbon nanotube
GSH-AuNPs = glutathione-protected AuNPs
SAMs = self-assembled monolayers
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11- MUA = 11-mercaptoundecanoic acid
CTAB = cetyltrimethylammonium bromide
ALP = Alkaline phosphatase
TIRFM = total internal reflection fluorescence microscopy
FDA = U.S. Food and Drug Administration
PDDA = poly(diallydimethylammonium chloride)
ECL = electrogenerated chemiluminescence
GNRs = gold nanorods
GOx = glucose oxidase
DLS = dynamic light scattering
hCG = human chorionic gonadotropin
MGITC = malachite green isothiocyanate
BCIP/NBT = 5-bromo-4-chloro-3-indolyl phosphate p-toluidine/nitro blue
tetrazolium
HCC = hepatocellular carcinoma
FRET = fluorescence resonance energy transfer
PLNPs = Persistent-luminescence nanoparticles
PEI = polyethyleneimine
CNT = carbon nanotube
GSH = nanogold hollow microspheres
NP = p-nitrophenol
AP = p-aminophenol
QI = p-quinoneimine
PSAA = poly(styrene-co-acrylic acid)
ICP- MS = inductively coupled plasma-mass spectrometry
SPR = surface plasmon resonance
4-ATP = 4-aminothiophenol
Az = azurin
AuNDs = Au nanodots
DMDAP = N,N-dimethyl-2,7-diazapyrenium dication
PC = Pancreatic cancer
ITO = indium tin oxide
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Chapter 8

Assembly of Gold Nanoparticles
Induced by Metal Ions

Maria Hepel,* Dustin Blake, Matthew McCabe,
Magdalena Stobiecka,1 and Kaitlin Coopersmith
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1Permanent address: Department of Biophysics, Warsaw University of Life
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The assembly of networks of mercaptopropionic acid-capped
gold nanoparticles (AuNP/MPA) mediated by Cd2+ and
Pb2+ ions has been investigated using surface plasmon
(SP) absorbance, resonance elastic light scattering (RELS),
laser-pulsed dynamic light scattering (DLS), and transmission
electron microscopy (TEM). Two different kinds of assemblies
have been observed depending on the preparation pathway:
low-affinity assembly (LAA) and high-affinity assembly
(HAA). In the nanoparticle networks formed in LAA pathway,
single Au nanoparticles are linked by metal ions forming
coordination bonds to partially deprotonated interface COOH
groups of the nanoparticle shells. In the HAA pathway, the
inter-core distance between single AuNP’s is reduced due
to the direct interparticle hydrogen bonding with side-line
Cd2+ or Pb2+ crosslinking leading to the formation of more
stable, larger, and denser AuNP networks, consistent with large
bathochromic shift of SP band and higher RELS intensity.
From the size analysis performed by DLS, the diameter of
aggregates formed in LAA is 2r = 37.9±0.6 nm and in HAA
it is 2r = 82.5±0.9 nm, with relatively low polydispersity p
= 0.239±0.016 and 0.273±0.006, respectively. The inter-core
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distances determined from molecular dynamics calculations
for H-bonding and Cd2+-linking are as follows: d = 1.15 and
d = 1.44 nm, respectively, confirming the formation of denser
AuNP networks in HAA pathway.

Keywords: Cd2+-mediated AuNP assembly; Pb2+-mediated
AuNP assembly; RELS spectroscopy; surface plasmon
resonance; resonance Rayleigh scattering; elastic light
scattering

Introduction

The interactions of functional gold nanoparticles (AuNPs) with heavy metal
ions have been extensively studied to gain understanding of the nanoparticle
crosslinking and assembly processes and their effect on the local surface
plasmon oscillations (1–4). Mirkin and coworkers (3) have demonstrated that
functionalized AuNPs can provide a convenient and very sensitive means for
trace analysis of Hg2+ ions by utilizing Hg2+-induced assembly of DNA-modified
AuNPs.

In this work, we have applied UV-Vis spectroscopy, resonance elastic light
scattering (RELS) spectroscopy, and dynamic light scattering (DLS) to investigate
pathways of AuNP assembly induced by heavymetal ions, Cd2+ and Pb2+. We have
found that AuNP assembly can follow a low-affinity or high-affinity pathway in
forming aggregates which differ in density, size, and optical properties, despite the
identical initial and final environmental conditions.

In general, the as-formed citrate-capped AuNPs exhibit a strong affinity to
many multiply-charged metal cations (2, 5), such as Cd2+, Pb2+, Ni2+, Hg2+, Cu2+,
Fe3+, and others. An assay for a selective detection of Pb2+ has been developed
by Thomas and coworkers (1) using gallic acid-capped AuNP and AgNP. Liu
and Lu (6–9) reported successful development of a biosensor for Pb2+ based on
DNA-zyme directed AuNP assembly. Guan et al. (4), exploiting amphoteric
properties of Pb(II) in aqueous solutions, have proposed a simple and selective test
for lead ions based on common citrate-capped AuNPs. Functionalization of AuNP
with peptides (10) has provided further opportunities to study interactions of heavy
metal ions with peptides with a convenient monitoring of the interactions with
color change due to AuNP aggregate formation. The sensitivity of this method is
higher in comparisonwith carboxylate-cappedAuNP assembly basedmethods and
enabled monitoring assembly processes in the nanomolar metal-ion concentration
range. The following metal ions and complexes have been studied: Co2+, Hg2+,
Pb2+, PdCl62-, and PtCl42-. The particular peptide used in the study consisted
of the sequence: Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-Pro-Ala-Tyr-Ser-Ser-Gly-
Pro-Ala-Pro-Pro-Met-Pro-Pro-Phe. The net negative charge on this peptide in
neutral solutions has provided the basis for efficient gold colloid stabilization (pI =
3.9). Several other colorimetric assays with excellent detection capabilities based
on metal ion-induced AuNP assembly have been reported (11–13).
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The color change observed duringmetal ion-inducedAuNP assembly is due to
the coupling of surface plasmon (SP) oscillations of individual nanoparticles upon
decreasing interparticle distance occurring during the assembly process (14–19).
As a result of this coupling, a red shift of the SP absorbance band is observed
(20–22).

Hence, the UV-visible spectroscopy can be utilized in AuNP-assembly
investigations. On the other hand, the RELS technique which is more sensitive
than a UV-Vis spectroscopy because of low background light intensity, can
provide more detailed information about the nanoparticle assembly process
(23–26). RELS is inherently sensitive to the AuNP interparticle distance and the
dielectric function of the medium surrounding the metal nanoparticles. The elastic
light scattering is a fast process in which light is momentarily absorbed by a
nanoparticle followed by immediate coherent re-emission of the absorbed energy
in all directions. The RELS occurs when polarizable particles are subjected
to the oscillating electric field of a beam of light which induces oscillating
dipoles in the particles and these dipoles radiate light to the surroundings
(27). RELS spectroscopy is becoming a very useful technique in bioanalysis
for determinations of proteins, DNA, and various complexes (24, 28). The
light-scattering properties of gold and silver nanoparticles have been applied
in biomedical imaging, in optical tomography (29, 30), dark-field microscopy
(31, 32), and multi-photon phenomena-based techniques (33, 34). The light
scattering by targeted AuNP administered to a patient body has been employed
in the thermal destruction of cancer cells (35–37) and as an enhancement in
photoacoustic imaging (38, 39).

Although the theoretical description of optical properties of AuNP based
on the Mie theory (17) has been utilized to elucidate experimentally recorded
spectra, further studies are needed to account for a wide variation of structural
features which influence the SP coupling. Extensive studies have been performed
to predict scattering from AuNP with different simple shapes and sizes using
analytical solutions or discrete dipole approximation simulations (40–50). These
phenomena are important for biomedical applications of metal nanoparticles.

In this work, the assembly and disassembly of networks of mercaptopropionic
acid-capped spherical gold nanoparticles (AuNP/MPA) mediated by divalent
metal ions (Cd2+, Pb2+) have been investigated. The UV-Vis spectroscopy, RELS,
and DLS have been employed as highly sensitive methods for monitoring the
nanoparticle assembly process and for detecting heavy metal ions.

Results and Discussion

Local Surface Plasmon Frequency Shifts for MPA-Capped AuNP in the
Presence of Cd2+ and Pb2+ Ions

Typical local surface plasmon (SP) absorbance spectrum for as-synthesized
citrate-capped AuNP is presented in Figure 1, curve 1. The SP band maximum
at λmax = 516 nm corresponds to the nanoparticle diameter of 5 nm which is also
confirmed by TEM imaging (Fig. 1b). The injection of MPA into the solution of
AuNP5nm results in gradual replacement of citrate ligand shell on AuNP with more
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strongly bound MPA due to the formation of thiolate bonds Au-S. This exchange
reaction leads to a small bathochromic shift (Figure 1a, curve 2) and increase
in polydispersity of the aggregates manifested by the increased SP absorbance
peak width. In this reaction, the solution pH changed from the initial pH = 5.23
to the final pH = 3.1-3.5. At this pH value, some of the carboxylic functional
groups of MPA shell are deprotonated but a majority of COOH moieties remain
undissociated, since the pKa = 4.27. Therefore, the protonated COOH groups
can participate in interparticle hydrogen bonding. The assembly of AuNP on
addition of MPA is attributed to this process. However, the growth of AuNP/MPA
aggregates is strongly hindered by the presence of negative carboxylate charges
at the shell-solution interface leading to the electrostatic interparticle repulsion
forces. This is consistent with the observation of a relatively small bathochromic
shift of the SP absorbance band (Δλ = 7 nm). The addition of Cd2+ ions to the
MPA-capped AuNP solution results in the formation of larger assemblies, most
likely due to the interparticle linkage attributed to doubly-charged Cd2+ ions. For
different experimental pathways, different UV-Vis spectra have been obtained,
although the same final Cd2+ concentration and the same final pH had been
attained. Here, we present two pathways further called: low-affinity assembly
(LAA) and high-affinity assembly (HAA).

The order of addition of reagents in LAA and HAA was as follows:

(1) for the LAA pathway:

(a) MPA was added to the solution of as-synthesized citrate-capped
AuNP,

(b) with the addition of NaOH, the solution pH was adjusted to pH
= 5.11,

(c) Cd2+ ions were introduced.

(2) for the HAA pathway:

(a) MPA was added to the solution of as-synthesized citrate-capped
AuNP,

(b) Cd2+ ions were introduced,
(c) with the addition of NaOH, the solution pH was adjusted to pH

= 5.69.

The obtained UV-Vis spectra are presented in Figure 1: curve 3 – for the LAA
pathway, curve 4 – for the HAA pathway. Especially striking is the difference in
the SP band shift. Whereas only a small bathochromic shift is encountered for
the LAA pathway (Δλ = 5 nm), a large SP band shift is clearly seen for the HAA
pathway (Δλ = 62 nm).
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Similar effects were obtained after addition of Pb2+ ions to the MPA-capped
AuNP solution. Only a small bathochromic shift is encountered for the LAA
pathway (λmax = 534 nm), while a large SP band shift is clearly seen for the HAA
pathway (λmax = 578 nm) (Figure 2).

Figure 1. (a) SP absorbance spectra of: (1) original AuNP/Cit nanoparticles, (2)
MPA-capped AuNP, pH = 5.1, (3) MPA-capped AuNP + NaOH + 222 μM Cd2+,
(4) MPA-capped AuNP + 222 μM Cd2+ + NaOH, pH 5.69; AuNP concentration:

2.53 nM, MPA added: 3.33 mM; (b) TEM images of AuNP.
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Figure 2. UV-Vis absorbance spectra of MPA-capped AuNP5nm solution: (1)
without Pb(II) addition, (2) after pH adjustment to 5.7 followed by the addition of
125 μM Pb2+, (3) after addition of 125 μM Pb2+ followed by pH adjustment to

5.7. AuNP5nm concentration: 1.875 nM; MPA added: 3.75 mM.

Low-Affinity Assembly of Cd2+/ Pb2+-Linked MPA-Capped AuNPs

The low-affinity assembly of MPA-capped AuNP has been investigated for
Cd2+ concentration range from 0 to 500 μM. The obtained UV-Vis spectra of
the SP band are presented in Figure 3. The absorbance maximum Amax increases
from Amax = 0.226 in the absence of Cd2+ to Amax = 0.343 at CCd = 678 μM. The
dependence of Amax on CCd is presented in Figure 3b. It is not linear and the
experimental data can be fitted with Boltzmann function: Amax = A2 + (A1 – A2)/[1
+ exp((CCd2+ - C0)/s)], with the following parameters: A1 = 2.013, A2 = 0.341, C0
= -0.379, s = 0.125.

The linear range of the dependence of Amax vs. CCd2+ extends from CCd = 0
to CCd = 125 μM. The tendency to saturate at higher Cd2+ concentrations is most
likely associated with attaining electrostatic balance between negatively charged
AuNP5nm@MPA nanoparticles and Cd2+ counterions which interact strongly
with MPA ligands of the nanoparticle shell. The wavelength of the absorbance
maximum increases slightly with increasing Cd2+ concentration from λmax =
525 nm for the absence of Cd2+ to λmax = 542 nm for CCd = 500 μM. The small
bathochromic SP band shift is due to the interparticle interaction of AuNP. The
dependence of λmax vs. CCd is presented in Figure 3c.
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Figure 3. (a) UV-Vis absorbance spectra of MPA-capped AuNP5nm after the LAA
assembly with Cd2+ [mM] : (1) 0, (2) 0.0125, (3) 0.0625, (4) 0.125, (5) 0.25, (6)
0.375, (7) 0.5. (b) Dependence of Amax vs. CCd. (c) Dependence of λmax vs. CCd.

AuNP concentration: 2.85 nM; MPA added: 3.75 mM; pH 5.35-5.83.
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Figure 4. (a) UV-Vis absorbance spectra of MPA-capped AuNP5nm after LAA with
Pb2+ [μM]: (1) 0, (2) 62.5, (3) 87.5, (4) 125. (5) 187.5, (6) 250. (b) Dependence
of λmax vs. CPb. (c) Dependence of Amax vs. CPb. AuNP concentration: 1.875 nM;

MPA added: 3.75 mM; pH 5.53-5.9.
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In Figure 4, the UV-Vis absorbance spectra for the Pb2+-linked MPA-capped
AuNP5nm are presented. The absorbance maximum increases from Amax = 0.332
in the absence of Pb2+ to Amax = 0.408 at CPb2+ = 250 μM. The dependence of Amax
on CPb2+ is presented in Figure 4c. It is not linear and the experimental data can be
fitted with a sigmoidal Boltzmann function: λmax = A2 + (A1 – A2)/[1 + exp((CPb2+ –
C0)/s)], with parameters: A1 = 0.32205, A2 = 0.46637, C0 = 0.21790, s = 0.083193 ,
R2 = 0.99992. The wavelength of the absorbance maximum increases slightly with
increasing Pb2+ concentration from λmax = 525 nm for the absence of Pb2+ to λmax
= 543 nm for CPb2+ = 187 μM. The small bathochromic SP band shift is due to the
interparticle interaction of AuNP’s leading to the coupling of local SP oscillations
in individual AuNP’s present in the assemblies. The dependence of λmax vs. CPb2+
is presented in Figure 4b. It can be fitted with a sigmoidal Boltzmann function
with parameters: A1 = 521.96, A2 = 550.13, C0 = 0.12613, s = 0.0537 .

High-Affinity Assembly of Cd2+ and Pb2+-Linked MPA-Capped AuNP

The strong bathochromic shifts were recorded in the high-affinity assembly
of MPA-capped AuNP5nm upon addition of varying concentrations of Cd2+ ions
(0- 687 μM), as shown in Figure 5a. The SP band maximum shifts toward longer
wavelengths from λmax = 525 nm to λmax = 591 nm and the color changes from ruby
red to violet. It indicates the assembly of gold nanoparticle networks mediated
by Cd2+ ions and hydrogen bonds between undissociated carboxylic groups of
mercaptopropionic acid capped gold nanoparticles. The experimental dependence
λmax = f(CCd 2+ ) can be fitted with a sigmoidal Boltzmann function: λmax = A2 +
(A1 – A2)/[1 + exp((CCd 2+ – C0)/s)], with parameters: A1 = -2991, A2 = 641.5, C0
= -2.87, s = 0.832 (Figure 5b). The enhanced absorbance of the surface plasmon
bandwas also observed. Themaximum absorbance increasedwith increasing Cd2+
concentration as shown in Figure 5c from Amax = 0.262 in the absence of Cd2+ to
Amax = 0.437 at CCd = 678 μM.

Strong bathochromic shifts were also observed upon addition of varying
concentrations of Pb2+ ions (Figure 6). As the SP band maximum shifts toward
longer wavelengths, from λmax = 534 nm to λmax = 578 nm, the color changes
from ruby red to violet. The enhanced absorbance of the surface plasmon band
was also observed. The maximum absorbance increased with increasing Pb2+
concentration from Amax = 0.276 in the absence of Pb2+ to Amax = 0.399 at CPb2+
= 125 μM. It indicates the assembly of gold nanoparticle networks mediated
by Pb2+ ions and hydrogen bonds between undissociated carboxylic groups of
mercaptopropionic acid capped gold nanoparticles.
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Figure 5. (a) UV-Vis absorbance spectra of MPA-capped AuNP5nm after the
HAA assembly with Cd2+ [mM]: (1) 0, (2) 0.0125, (3) 0.0625, (4) 0.125, (5)
0.25, (6) 0.375, (7) 0.5, (8) 0.5625, (9) 0.6875. (b) Dependence of λmax vs. CCd.
(c) Dependence of Amax vs. CCd. AuNP concentration: 2.85 nM; MPA added:

3.75 mM; pH 5.41-5.78.
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Figure 6. (a) UV-Vis absorbance spectra of MPA-capped AuNP5nm after
HAA with Pb 2+ [μM]: (1) 0, (2) 2.5, (3) 6.25, (4) 12.5, (5) 25, (6) 87.5, (7)
125. (b) Dependence of Amax vs. CPb. (c) Dependence of λmax vs. CPb. AuNP

concentration: 2.85 nM; MPA added: 3.75 mM; pH 5.34 - 6.05.
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Figure 7. Dependence of resonance elastic light scattering spectra (a) for
MPA-capped AuNP5nm nanoparticles assembled by LAA on concentration of
Cd2+ [mM]: (1) 0, (2) 0.125, (3) 0.25, (4) 0.375, (5) 0.437, (6) 0.562, (7) 0.625.
(b) dependence of scattering intensity maximum Isc,max vs. CCd. (c) Dependence
of A528nm vs. CCd. AuNP concentration: 2.85 nM; MPA added: 3.75 mM; λex =

528 nm.
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Monitoring of Cd2+ and Pb2+-Linked AuNP Network Assembly by
Resonance Elastic Light Scattering

The measurements of elastic light scattering from AuNP solutions show
that considerable changes in the scattering intensity occur upon the injection of
Cd2+ ions. Hence, we have investigated in detail the scattering intensity variation
during the LAA and HAA pathways of Cd2+-linked AuNP network assembly. The
RELS spectra for a constant incident wavelength λex recorded for the LAA and
HAA pathways are presented in Figures 7 and 8, respectively. The incident light
beam wavelengths were selected near the wavelength of absorbance maximum
for the highest CCd2+ concentration. Such a selection provides high sensitivity
of RELS measurements under varying conditions and changing nanoparticle
solution properties.

As illustrated in Figure 7, the RELS intensity increases dramatically with
increasing Cd2+ concentration during the LAA pathway. The intensity increases
from Isc = 3.6 in the absence of Cd2+ ions to Isc = 186.6 for CCd2+ = 625 μM. The
narrow bandwidth of RELS spectra (Δλ = 14 nm) indicates that any effects due
to the inelastic (Raman) scattering and photoluminescence are negligible. The
dependence of Isc,max vs. CCd2+, shown in Fig. 7b, is not linear. The experimental
data are fitted well with Boltzmann function: Isc,max = A2 + (A1 – A2)/[1 + exp((CCd

2+ – C0)/s}], with: A1 = 6.812, A2 = 190.6, C0 = 0.407, s = 0.093.
A quick comparison of the dependence of Isc,max vs. CCd2+ with the

dependence of absorbance A528 at λ = 528 nm vs. CCd2+ shows significant
differences in the form of these dependencies. Since the elastic light scattering
consists of the absorbance followed by coherent secondary emission, the
dependencies of Isc and Aλ measurables on CCd2+ concentration should be of
similar nature provided that the secondary-emission efficiency is constant and
high (possibly 100 %). Therefore, the appearance of the induction period on the
Isc = f(CCd2+) dependence, in the absence of such a period on the A = f(CCd2+)
dependence, is likely to be due to the lower efficiency of secondary emission for
lower Cd2+ concentrations where the extent of assembly is small. On the other
hand, at higher Cd2+ concentrations when the number of Cd2+-linked AuNP/MPA
ensembles increases, the coupling of local surface plasmons between single gold
nanoparticles in the same ensemble should result in more efficient secondary
emission and thus higher intensity of light scattering. This stage corresponds to
the intermediate Cd2+ concentration range (100 – 300 μM). Beyond CCd = 300
μM, both the Isc = f(CCd) and A = f(CCd) characteristics show signs of a saturation
which is evidently due to the hindrance of the growth of larger assemblies.
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The RELS measurements similar to those described above for the LAA
pathway have also been performed for the HAA pathway of AuNP assembly.
The RELS spectra obtained for λex = 585 nm are presented in Figure 8. The
spectra show again that the scattering intensity increases with increasing Cd2+
concentration during the HAA pathway. The intensity increases from Isc = 1.6
in the absence of Cd2+ ions to Isc = 164.2 for CCd2+ = 687 μM. The linewidth of
RELS spectra is narrow (Δλ = 15 nm). The dependence of Isc,max vs. CCd2+, shown
in Fig. 7b, is fitted by the simplex routine with a Boltzmann function: Isc,max =
A2 + (A1 – A2)/[1 + exp((CCd 2+ – C0)/s)], with: A1 = -103.3, A2 = 169.7, C0 =
0.064, s = 0.143. In contrast to the LAA pathway, there is a clear linear region
of the dependence of Isc = f(CCd2+) in the low Cd2+ concentration range from 0
to 187 μM which can be utilized for a simple analytical determination of Cd2+
ions. The dependence of A = f(CCd2+) is of a similar shape as the dependence of
Isc = f(CCd2+). This means that the increase in absorbance of AuNP assemblies is
paralleled with the increase in light scattering intensity. Hence, we can conclude
that in the HAA pathway, there is a more uniform growth of AuNP assemblies
and the increase in scattering intensity more closely reflects the increase in the SP
absorbance.

The RELS spectra for a constant incident wavelength λex recorded for the
LAA and HAA pathways of Pb2+-linked AuNP network assembly are presented
in Figures 9 and 10, respectively. The wavelength λex = 640 nm was selected for
the LAA pathway as the incident light beam wavelength. For the HAA pathway,
another wavelength (λex,1 = 560 nm) near the absorbance maximum for the highest
CPb2+ concentration was chosen in addition to λex = 640 nm. Such a selection
provides a high sensitivity of RELS measurements under varying conditions and
changing nanoparticle solution properties.

As illustrated in Figure 9, the RELS intensity increases with increasing
Pb2+ concentration during the LAA pathway. The intensity increases from Isc
= 2.06 in the absence of Pb2+ ions to Isc = 473.57 for CPb2+ = 312.5 μM. The
narrow bandwidth of RELS spectra (Δλ = 15 nm) indicates that any effects due
to the inelastic (Raman) scattering and photoluminescence are negligible. The
dependence of Isc,max vs. CPb2+, shown in Fig. 9b, is not linear. The experimental
data are fitted well with sigmoidal Boltzmann function: Isc,max = A2 + (A1 – A2)/[1
+ exp((CPb 2+ – C0)/s)], with the following parametrs: A1 = -14.98114, A2 =
2464.01461, C0 = 421.29434, s = 77.3719.

The RELS measurements described above for the LAA pathway have
also been performed for the HAA pathway of AuNP assembly (Figure 10a).
The spectra show that the scattering intensity increases with increasing Pb2+
concentration during the HAA pathway. The intensity increases from Isc = 16.88
in the absence of Pb2+ ions to Isc = 123.54 for CPb2+ = 125 μM for the excitation
lambda λex = 560 nm and from Isc = 8.23 to Isc = 78.2 for the excitation lambda
λex = 640 nm. The dependence of Isc,max vs. CPb+, shown in Fig. 10b, is fitted by
a sigmoidal Boltzmann function.
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Figure 8. Dependence of resonance elastic light scattering spectra for
MPA-capped AuNP5 nm nanoparticles assembled by HAA on concentration of
Cd(NO3)2 [mM]: (1) 0, (2) 0.0125, (3) 0.0625, (4) 0.125, (5) 0.25, (6) 0.375, (7)
0.562, (8) 0.687. (b) Dependence of RELS intensity maximum Isc,max on CCd.
(c) Dependence of A585nm on CCd. AuNP concentration: 2.85 nM; MPA added:

3.75 mM ; pH 5.5-5.9; λex = 585 nm.
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Figure 9. Dependence of elastic light scattering spectra for MPA-capped
AuNP5nm, assembled by LAA, on concentration of Pb+2 recorded after 1 min of
Pb(NO3)2 injection. (b) Dependence of scattering intensity maximum Isc,max vs
CPb. CPb [μM]: (1) 0, (2) 62.5, (3) 87.5, (4) 125, (5) 187.5, (6) 250, (7) 312.5.

AuNP5nm concentration: 1.87 nM; MPA added: 3.75 mM; pH 5.53-5.9.
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Figure 10. Dependence of resonance elastic light scattering spectra for
MPA-capped AuNP5nm nanoparticles, assembled by HAA, on concentration of
Pb2+ [μM]: (1) 0, (2) 2.5, (3) 6.25, (4) 25, (5) 87.5, (6) 125, excitation wavelength
λex = 560 nm. (b) Dependence of scattering intensity maximum Isc,max vs CPb for
(1) λex = 560 nm (squares), (2) λex = 640 nm (circles). AuNP concentration: 2.85

nM; MPA added: 3.75 mM.
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Temporal Evolution of Absorbance and Elastic Light Scattering Spectra of
MPA-Capped Gold Nanoparticles after Addition of Pb+2 Ions

The dynamics of Pb2+-induced assembly of MPA-capped AuNP5nm has been
investigated by recording UV-Vis spectra following the injection of Pb+2 ions,
as illustrated in Figure 11. The surface plasmon band for MPA-capped gold
nanoparticles shows a bathochromic shift from λmax = 520 nm before Pb(II)
injection, to λmax = 538 nm after the addition of 125 μM Pb(NO3)2. (t = 75 min).
At the same time, the absorbance of the SP band maximum increased from Amax =
0.327 to Amax = 0.358, respectively. These spectral changes indicate that the gold
nanoparticles assemble upon the addition of Pb2+ ions.

Figure 11. Temporal evolution of absorbance spectra of MPA-capped gold
nanoparticles AuNP5nm after addition of 125 μM Pb(NO3)2 (1). Interaction time
[min]: (2) 1, (3) 15, (4) 30, (5) 45, (6) 60 , (7) 75. AuNP concentration: 1.875

nM; MPA added: 3.75 mM; pH 5.5.

Typical temporal evolution of resonance elastic light scattering from MPA-
capped AuNP5nm gold nanoparticles assembled by LAA after addition of 125 μM
Pb(NO3)2 in solution is presented in Figure 12a. The concentration of AuNP5nm
was 1.875 nM. TheRELS spectra were obtained for λex = 640 nm and the secondary
emission spectrum was recorder from λem = 540 to 740 nm. The spectra show that
the scattering intensity increased from Isc = 8.4, after 1 min of 125 μM Pb(NO3)2
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injection, to Isc = 79.11 after 75 min. of injection. The dependence of scattering
intensity maximum Isc, max vs time t shows a clear tendency to saturate after 30
min from injection of Pb+2 ions to MPA- capped gold nanoparticles AuNP5nm (Fig.
12b). The increase of scattering intensity upon addition of Pb+2 ions is indicative of
nanoparticle assembly. This corroborates conclusions concerning the assembly of
gold nanoparticles in the presence of Pb+2 on the basis of the SP band absorbance
shift toward longer wavelengths.

Influence of Bonding on AuNP Aggregate Structure

To elucidate the mechanism of AuNP/MPA/Cd2+ and AuNP/MPA/Pb2+
assembly, further structural insights into the nature of interparticle bonding
are needed. Therefore, the interactions of MPA-capped AuNP in the absence
and presence of Cd2+-linker were investigated using molecular dynamics
simulations and quantum mechanical calculations of electronic structure. While
the electrostatic repulsive interactions between negatively charged AuNP/MPA
at higher pH (pH > 4.27) are well understood, the participation of hydrogen
bonding at sufficiently low pH and the role of Cd2+-linker are not. In particular,
we wanted to evaluate the differences in bond lengths and angles for hydrogen
bonding (O-H-O) and Cd2+-linking (O-Cd2+-O), as well as the overall distance
between the nanoparticle cores in the case of hydrogen bonding and compare it
with that for Cd2+-linking.

The molecular arrangement of two undissociated MPA molecules interacting
to form a hydrogen bondO-H-O between the COOH functional groups is presented
in Figure 13a. The electronic structure calculated using the modified Hartree-Fock
methods (SE PM3 method) is presented in Figure 13b. It is seen that the two MPA
molecules are not in-line and form a zigzag conformation in order to satisfy the sp
hybridization at the O atoms participating in the hydrogen bonding. The distance
between O atoms in the O-H-O bond is 0.259 nm and the angle is 178.1 deg.
The overall distance between H-atoms of the –SH groups, which may represent
the distance between the cores of hydrogen bonded AuNP/MPA nanoparticles, is
1.149 nm.

The molecular arrangement in an ensemble of Cd2+-linked MPA molecules is
presented in Figure 14a and the electron density surface with electrostatic potential
is presented in Figure 14b. The distance between O atoms in the O-Cd2+-O bond
is 0.345 nm and the angle is 110.1 deg. The overall distance between H-atoms
of the –SH groups, representing the distance between the cores of Cd2+-linked
AuNP/MPA nanoparticles, is 1.437 nm.

It follows from these evaluations that hydrogen bonding provides much
shorter inter-core distances in the AuNP assemblies as compared to Cd2+-linking.
Therefore, it is expected that the Cd2+-linking, with its 25.1 % longer inter-core
distance than in the corresponding H-bonding, should generate significantly less
coupling between the local surface plasmon oscillations and lower SP band shift
toward longer wavelengths, provided that the number of AuNP nanoparticles in
the given ensemble is the same in case of the Cd2+-linking and H-bonding.
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Figure 12. (a) Temporal evolution of resonance elastic light scattering spectra of
MPA-capped gold nanoparticles AuNP5nm assembled by LAA after addition of
125 μM Pb(NO3)2 and (b) dependence of scattering intensity maximum Isc,max vs
t. Interaction time [min]: (1) 1, (2) 5, (3) 15, (4) 30, (5) 45, (6) 60, (7) 75. AuNP

concentration: 1.87 nM; MPA added: 3.75 mM; pH 5.5; λex = 640 nm.
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Figure 13. (a) Electronic structure of a H-bonding in a MPA-MPA ensemble
as a model for interparticle H-bonding in MPA-capped AuNP assembly: (a)
molecular dynamics atomic structure, (b) HF quantum mechanical electron
density surface (ρ = 0.02) with mapped electrostatic potential (red to blue –

negative to positive potential).

Disassembly of Metal Ion-Linked AuNP Networks by EDTA Chelating

The key element in both pathways of AuNP assembly is the linking provided
by metal ions. These ions interact easily with carboxylate moieties of the AuNP/
MPA shells. The proof that Cd2+ and Pb2+ ions are really essential in the assembly
process has been obtained in experiments with the addition of EDTA to a solution
of metal ion-linked AuNP assemblies, as illustrated in the set of UV-Vis spectra
in Figures 15 and 16, for Cd2+ and Pb2+ ions, respectively. In these Figures, curve
1 represents the spectrum for the original MPA-capped AuNP and curve 2 the
spectrum for the assembled Cd2+/Pb2+-linked AuNP/MPA networks.
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Figure 14. (a) Electronic structure of a Cd2+-linkage in a MPA-Cd2+-MPA
ensemble as a model for Cd2+-induced MPA-capped AuNP assembly: (a)
molecular dynamics atomic structure, (b) HF quantum mechanical electron
density surface (ρ = 0.002) with mapped electrostatic potential (red to blue –

negative to positive potential).

A large bathochromic shift occurs during the assembly (Δλ = 28 nm and Δλ =
36 nm for Cd2+ and Pb2+ MPA@AuNP network, respectively), with the SP band
maximum shifting toward longer wavelengths and with concomitant color change
from ruby red to violet. The addition of EDTA (curve 3) results in a hypsochromic
shift (Δλ = -28 nm and Δλ = - 45 nm, respectively) and a complete reversal of the
color change from violet back to ruby red, signifying a full disassembly of AuNP
aggregates.

In Figures 17 and Figure 18, a comparison of the RELS spectra is made
for: (a) the original MPA-capped AuNP (curve 1), (b) the assembled Cd2+/Pb2+-
linked AuNP/MPA networks (curve 2), and (c) same as (b) but after addition
of EDTA (curve 3). As can be clearly seen, there is a dramatic increase in the
light scattering from the assembled Cd2+/Pb2+-linked Au nanoparticles (curve 2)
from Isc,1 = 1.6 to Isc,2 = 114.3 for Cd2+ and from Isc,1 = 6.2 to Isc,2 = 110.3 for
Pb2+. A complete diminution of scattering upon the addition of EDTA (curve

228

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
N

ov
em

be
r 

27
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 N
ov

em
be

r 
26

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
2.

ch
00

8

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



3) to Isc,3 = 1.7 and 1.3 due to the complexation of Cd2+/Pb2+ by EDTA ligands
and neutralization of its positive charge, thereby rendering the Cd2+/Pb2+-linking
ineffective. The formation constants for Cd-EDTA chelate CdL2- and Pb-EDTA
chelate PbL2- (where L4- is the deprotonated EDTA ligand) are: log K = 16.46 and
log K = 18.04, respectively. Since the stability constants for Pb ions complexed
by a ligand like MPA is much lower: log K = 4.1, the Pb2+ ions are completely
removed from the AuNP assemblies and quantitatively bound by EDTA to form
negatively charged chelates. The chelated lead ions become repelled from AuNP/
MPA nanoparticles which are now even more separated than the original AuNP/
MPA particles in the absence of Pb(II) and EDTA. That is the reason why the
scattering intensity decreases below the level characteristic for the original AuNP/
MPA (Figure 18, curve 3). For the same reason, the SP band on the UV-Vis
spectrum shifts farther to the shorter wavelength (λmax = 521 nm) than the original
position of the band for AuNP/MPA (λmax = 530 nm) (Figure 16, curve 3).

Figure 15. UV-Vis absorbance spectra for: (1) 3.75 mM MPA + 2.85 nM
AuNP5 nm, (2) assembled Cd2+-linked AuNP/MPA (0.875 mM Cd2+) and (3) after

addition of 1.875 mM EDTA.
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Figure 16. UV-Vis absorbance spectra for: (1) 3.75 mM MPA + 4.5 nM AuNP5
nm (2) assembled Pb2+-linked AuNP/MPA (125 μM Pb2+) and (3) after addition

of 750 μM EDTA.

Mechanistic Aspects of Low- and High-Affinity Assembly of AuNP Networks

The SP band absorbance measurements and the static RELS intensity
experiments show the following main differences between the LAA and HAA
pathways of AuNP assembly (Scheme 1):

(i) For LAA, the SP band shift associated with the addition of Cd2+ or
Pb2+ ions is very low, although the absorbance maximum increases
considerably. The RELS scattering increases dramatically with
increasing Cd2+ or Pb2+ concentration.

(ii) For HAA, the SP band shift associated with the addition of Cd2+ or
Pb2+ ions is large and the absorbance maximum increases considerably.
A strong RELS scattering increase with increasing Cd2+ or Pb2+
concentration is also observed.
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Figure 17. RELS spectra for: (1) 3.75 mM MPA + 2.85 nM AuNP5 nm, (2)
assembled Cd2+-linked AuNP/MPA (0.875 mM Cd2+) and (3) after addition of

1.875 mM EDTA.

Whereas it is evident that the SP band shift produced in HAA is much larger
than that observed in LAA, the maximum scattering intensity is more similar in
both LAA and HAA pathways. This is however rather fortuitous since the incident
beam wavelengths are different. From the Rayleigh equation for light scattering
from small particles, we have:

where n1 and n2 are the refractive indices for the solution and particles,
respectively, d is the particle diameter, and θ is the scattering angle. Since
the scattering intensity I decreases with 4-th power of the wavelength λ, for
unchanged other conditions, it is likely that the efficiency of secondary emission
is considerably lower in the case of LAA because much larger scattering should
be expected at lower incident beam wavelength. The higher SP band shift and
relatively stronger scattering indicate that larger assemblies are formed in the
HAA pathway. In Figure 19, HR-TEM images of Cd2+- and Pb2+- mediated
MPA-capped gold nanoparticles are presented.
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Figure 18. RELS spectra for: (1) 3.75 mMMPA + 4.5 nM AuNP5nm (2) assembled
Pb2+-linked AuNP/MPA (125 μM Pb2+) and (3) after addition of 750 μM EDTA.

Scheme 1. Mechanistic aspects of heavy metal-induced assembly of gold
nanoparticles
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Figure 19. HR-TEM images of (a-d) Cd2+- and (e-h) Pb2+- mediated MPA-capped
gold nanoparticles.

DLS Characteristics of Assembled Metal Ion-Linked MPA-Capped AuNP
Nanoparticles

In order to determine the average size of AuNP aggregates formed in the
LAA and HAA pathways, measurements of hydrodynamic diameters have been
carried out using the dynamic light scattering (DLS) technique. The obtained
correlation function C(τ), describing Brownian noise due to aggregates entering
and leaving the laser beam spot pulsed onto the nanoparticle solution, for
Cd2+-linked AuNP/MPA networks LAA pathway is presented in Figure 20a. The
function C(τ) correlates the frequency of the scattering intensity noise due to the
Brownian diffusion with the particle-size dependent diffusion coefficient D. This
enables one to determine the hydrodynamic diameter dH of the particles from the
Stokes-Einstein equation:

where k is the Boltzmann constant, T – absolute temperature, and η - dynamic
viscosity of solution. The onset of the C(τ) decay at τA, marked with an A in Fig.
20a, relates to the size of assemblies (where a higher τA corresponds to a slower
diffusion and larger assemblies) .

The inflection point on the correlation curve is found at τ = 235 μs (C(τ)
= 0.3088). This corresponds to relatively small aggregates with hydrodynamic
diameter of d = 86.1 ± 1.2. The calculated lognormal particle distribution function
shown in Figure 20b indicates that the assemblies formed are characterized
with a relatively low polydispersity p = 0.239 ± 0.016 with the particle-number
distribution peak width of w = 42.0 nm. The true aggregate mean diameter
obtained using the ZPALS routine is 37.9±0.6 nm.
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Figure 20. DLS characteristics of MPA-capped AuNP nanoparticles assembled
by LAA: (a) correlation function C(τ) with decay onset at point A, decay slope s,
and final branch B indicating absence of large particles; (b) lognormal particle
number-distribution functions: (1) integral and (2) differential. Mean diameter
of assemblies: 37.9±0.6 nm (n = 5), polydispersity: p = 0.239±0.016. AuNP

concentration: 2.85 nM; MPA added: 3.75 mM; CCd = 0.687 mM.
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Similar measurements performed for Cd2+-linked AuNP/MPA networks in
HAA pathway are presented in Figure 21a.

Figure 21. DLS characteristics of MPA-capped AuNP nanoparticles assembled
by HAA: (a) correlation function C(τ) with decay onset A, decay slope s, and
final branch B indicating absence of large particles; (b) lognormal particle

number-distribution functions: (1) integral and (2) differential. Mean diameter
of assemblies: 82.5±0.9 nm (n = 5), polydispersity: p = 0.273±0.006. AuNP

concentration: 2.85 nM; MPA added: 3.75 mM; CCd = 0.687 mM.
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The inflection point on the correlation curve is found at τ = 530 μs (C(τ) =
0.3539). This corresponds to larger aggregates than for LAA, with hydrodynamic
diameter d = 236.1 ± 2.6. The calculated lognormal particle distribution function
shown in Figure 21b indicates that the assemblies formed are characterized
with a relatively low polydispersity p = 0.273 ± 0.006 with the particle-number
distribution half-peak width w = 123.2 nm. The true aggregate mean diameter is
82.5±0.9 nm.

The DLS measurements corroborate conclusions from other methods
concerning the size of assemblies formed in LAA and HAA pathways. The
general question remains of how the assemblies grow larger in HAA path than
in LAA path?

To answer this question, we have taken into account conclusions from all
measurements performed in this work, as well as results obtained in molecular
dynamics and quantum mechanical calculations presented in previous section.
From the analysis of the steps in LAA path, one can see that the pH adjustment
in step (b) leads to the partial deprotonation of carboxylic acid groups in
the MPA shell in AuNP/MPA, rendering the interparticle cohesive forces
ineffective in comparison to strong electrostatic repulsions. Therefore, the
initial hydrogen-bonded AuNP/MPA aggregates have been disassembled in this
step. Upon the injection of Cd2+/Pb2+ ions in the next step (c) in LAA, the
negatively charged AuNP/MPA nanoparticles attract the Cd2+ cations which
become coordinatively bonded to carboxylate groups. Some of the Cd2+/Pb2+
ions can form linkages between two AuNP/MPA nanoparticles and this process
may progress to form larger assemblies. The distance between AuNP’s in
these assemblies is determined by the length of two MPA capping molecules
and the length of cadmium linkage. As determined from molecular dynamics
calculations, the distance equals to 1.4 nm.

In contrast to the LAA pathway, the second step in HAA involves injection
of Cd2+/Pb2+ ions before any pH adjustment. Hence, the initial hydrogen bonded
small aggregates of AuNP/MPA are not disassembled due to the COOH group
deprotonation. On the contrary, they are strengthened by Cd2+/Pb2+migration into
the H-bonded aggregates, neutralizing any excess negative charge due to COO-

groups and providing additional side-line linking. The Cd2+/Pb2+ cations can
also bind to dissociated superficial carboxylate groups and thus provide means
for aggregation of these assemblies. Therefore, we encounter here simultaneous
H-bonding and Cd2+/Pb2+ linkages that strengthen the aggregates and make
inter-core distances shorter. Moreover, the cadmium or lead ions penetrating
into the initial AuNP/MPA assemblies neutralize partial negative charge of
carboxylate groups and form side-line linkages, thereby increasing the stability
of these assemblies. This model is consistent with the growth of larger, more
stable, and denser aggregates. This agrees with experimental evidence obtained
with SP absorbance measurements, static RELS intensity measurements, DLS
aggregate size analysis, and the theoretical evaluation of the length of H-bonding
and Cd/Pb-linkages.
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Conclusions

We have found two different kinds of aggregates formed in the assembly
of MPA-capped AuNP (5 nm dia.) mediated by Cd2+ and Pb2+ ions, depending
on the preparation pathway: low-affinity assembly (LAA) and high-affinity
assembly (HAA). On the basis of the analysis of SP absorbance band shifts,
static light scattering spectra (RELS), and dynamic light scattering (DLS), the
differences appear to be due to the inter-core distances controlled by the length
and conformation of molecules participating in the crosslinking. We have shown
that the direct Cd2+/Pb2+ linking through the formation of coordination bonds with
superficial deprotonated COO- group of MPA shells on neighboring AuNP/MPA
nanoparticles results in longer inter-core distance (d = 1.437 nm), as compared
to the hydrogen bonded AuNP/MPA for which d = 1.149 nm, as determined
from the molecular dynamics calculations. In LAA, single Au nanoparticles are
linked by Cd2+/Pb2+ ions. In HAA, the H-bonding dominates with supporting
side-line Cd2+/Pb2+ crosslinking that strengthens the aggregates and enables
them to grow larger. From the DLS size analysis, the diameter of aggregates
formed in LAA is 2r = 37.9±0.6 nm and in HAA it is 2r = 82.5±0.9 nm, with
low polydispersity p = 0.239 and 0.273, respectively. This model is consistent
with large bathochromic shift of SP band and higher RELS intensity observed
for HAA. The term high-affinity assembly used in this work is suitable since
denser and larger aggregates are formed in this pathway and dual crosslinking
(H-bonding, Cd-linking and Pb-linking) strengthens the interparticle interactions.

Materials and Methods

Chemicals

All chemicals used for investigations were of analytical grade purity.
3-mercaptopropionic acid (MPA) (HSCH2CH2CO2H) and tetrachloroauric(III)
acid trihydrate (HAuCl4⋅3H2O, 99.9+%) were purchased from Sigma
Aldrich Chemical Company and used as received. Sodium citrate dihydrate
(HOC(COONa)(CH2COONa)2⋅2H2O) was obtained from J.T. Baker Chemical
Co. Sodium borohydride (NaBH4), disodium ethylenediamine tetraacetate
(EDTA) (Na2C10H14O8N2⋅2H2O), lead nitrate (Pb(NO3)2), cadmium nitrate
(Cd(NO3)2⋅4H2O) and other reagents were obtained from Fisher Scientific
Company. Solutions were prepared using Milli-Pore Milli-Q deionized water
(conductivity σ = 55 nS/cm ).

Apparatus

The transmission electron microscopy (TEM) images of Au nanoparticles
were obtained using a Jeol Model JEM-2010 HR-TEM instrument (100 kV).
The elastic light scattering spectra were recorded using LS55 Spectrometer
(Perkin Elmer, Waltham, MA, USA) equipped with 20 kW Xenon light source
operating at 8 μs pulsing mode allowing for the use of monochromatic radiation
with wavelength from 200 nm to 800 nm with 1 nm resolution and sharp cut-off
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filters: 290, 350, 390, 430, 515 nm. The dual detector system consisted of a
photomultiplier tube (PMT) and an avalanche photodiode. The pulse width at
half height was less than 10 μs. The UV–Vis spectra were recorded using a model
Varian Cary 50 Bio (Agilent Technologies, Santa Clara, CA, USA). Dynamic light
scattering (DLS) measurements were performed using a Zeta Potential Analyzer
Model ZetaPALS (Brookhaven Instruments Corp., Holtsville, NY, USA) to
determine the hydrodynamic diameter, mean particle size and polydisperity index
for AuNP assemblies.

Procedures

The Au nanoparticles were synthesized according to the published procedure
(25, 51). Briefly, 2.56 mL of 10 mM HAuCl4 was mixed with 9.6 mL of 10 mM
trisodium citrate solution (ratio 1:3.75) and poured into distilled water (88 mL).
The obtained solution was vigorously stirred and fresh cold NaBH4 solution (5
mM, 8.9 mL) was added dropwise. The solution slowly turned grey and then
transparent ruby red. Stirring was maintained for 30 minutes. The obtained
citrate-capped core-shell gold nanoparticles (AuNP/Cit) were stored at 4 °C.
Their size was first estimated from UV–Vis surface plasmon absorption band shift
and determined more precisely by HR-TEM imaging to be: 5.0 ± 0.9 nm (n = 85).

Molecular dynamics simulations of the arrangement of interacting MPA
molecules and quantum mechanical calculations of electronic structure of
hydrogen bonded and Cd2+-linked MPA molecules, as the models for interparticle
interactions of MPA-capped AuNP, were performed using modified Hartree-Fock
methods with 6-31G* basis set and pseudopotentials, semi-empirical PM3
method, or density functional theory (DFT) with B3LYP functional and 6-31G*
basis set, embedded in Wavefunction Spartan software (52). The electron density
and density of states (LDOS) are expressed in atomic units, au-3, where 1 au =
0.52916 Å and 1 au-3 = 6.74911 Å-3.
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Chapter 9

Noble Metal Nanoparticles in Bioanalysis
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*E-mail: xryang@ciac.jl.cn

Looking back upon the past decade, functionalized noble
metal nanoparticles (NMNs) with controlled size, morphology,
composition or structure have becoming a major motive force
behind the development of modern bioanalytical chemistry.
In this chapter, a brief introduction is given to the history and
progress of NMNs based bioanalysis. Particular attention is
devoted to some representiveworks in the area of biosensing and
biorecognition applications. The article is mainly categorized
into absorbance-based assay, electrochemical detection and
fluorescent analysis.

Introduction

Bioanalysis is a fast growing subdiscipline covering the detection of a
broad spectrum of biological analytes, such as inorganic ions, drugs, small
organic molecules, proteins, nucleic acids and microorganisms. It is of great
significance for human health because many physiological functions depend
critically on maintaining the proper levels of inorganic ions and biological
molecules. Besides, bioanalysis also plays a fundamental role in food security
and environmental conservation. Therefore, numerous methods have been
explored to detect biological targets. After years of investigation, researchers
found that noble metal nanoparticles (NMNs) with attractive physicochemical
properties can be of great value in biological analysis. Many NMNs, especially
gold nanoparticles (AuNPs), can be synthesized, adjusted and functionalized
in a facile and straightforward manner. The as-prepared products hold several
important features, including excellent stability, unique optoelectronic activity and
extremely high surface-to-volume ratio. Those benefits make NMNs promising

© 2012 American Chemical Society
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candidates for preparing novel biological sensors. In at least three different
ways, NMNs-based sensors can be utilized to improve the quality of bioanalysis.
First, they can act as effective recognition units to provide selective binding
with the target analytes. Second, they can be used as transducing components
for signaling the binding process. Third, the S/N ratio can also be remarkably
enhanced by using NMNs. Up to now, functionalized NMNs with controlled
size, morphology, composition or structure have becoming a major motive force
behind the development of modern bioanalytical chemistry.

In this chapter, a brief introduction is given to the history and progress of
NMNs-based bioanalysis. Particular attention is devoted to some representative
works in the area of biosensing and biorecognizing applications. The assay of
biomolecules, and the detection of inorganic ions with biomolecules as recognition
units by means of NMNs are emphasized. The article is mainly categorized
into absorbance-based assay, electrochemical detection and fluorescent analysis,
according to the measure techniques of the transduced signals. One thing should
be mentioned is that the paper is not a comprehensive review but rather a quick
guide to some aspects of NMNs in bioanalysis. Therefore, only a small part of the
published papers were selected in this chapter, mainly on the basis of relevance,
theoretical innovation and practical significance. We apologize to the authors of
many excellent reports that could not be cited here because of our limitations.

Absorption Spectroscopic Analysis

Noble metal nanoparticles such as gold and silver nanoparticles (AuNPs and
AgNPs) display intense colors, which results from the free electrons in metals,
endowing them with plasmon resonances (1). The extinction coefficients of
AuNPs or AgNPs are much higher than that of organic dyes, thus detectable
absorbance can be obtained through the use of a low concentration of nanoparticles
(usually at a nanomolar range). Moreover, the optical properties of AuNPs
and AgNPs strongly depend on their inter-particle distances. Typically, 13
nm-diameter AuNPs display a red color with the maximum absorbance at 520 nm,
whereas the aggregated ones display a purple or blue color with a new absorbance
at the wavelength longer than 600 nm. The surface plasmon resonance peak
and the extinction coefficients will change as the diameters of AuNPs vary (2).
AgNPs likewise exhibit a distance-dependent color, usually from yellow to red or
brown as AgNPs aggregate, and the extinction coefficient of AgNPs is higher than
that of AuNPs of the same size. The visible color, high extinction coefficients and
distance-dependent optical properties make AuNPs and AgNPs as ideal sensing
elements in bioanalysis.

The most successful use of AuNPs and AgNPs in bioanalysis may be their
combination with DNA oligonucleotides to perform the detection. In such
sensing systems, DNA oligonucleotides serve as recognition units while noble
metal nanoparticles serve as optical sensing elements. DNA can recognize
not only their complementary sequences but a variety of targets such as small
molecules, proteins, metal ions and even intact cells, known as functional nucleic
acids (3). AuNPs and AgNPs can transduce the DNA recognition process into
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optical signals; since the color change in such a process is sensitive to the naked
eye, the detection results can be visually observed, yielding the colorimetric
detection. In 1996, the Mirkin group reported the use of DNA-modified AuNPs
to achieve the reversible assembly of macroscopic AuNPs aggregates (4).
When an oligonucleotide duplex contained “sticky ends” complementary to
the two modified sequences on AuNPs, the nanoparticles self-assembled into
large aggregates via DNA hybridization; when the temperature was higher
than the melting temperature, the aggregates disassembled through duplex
dehybridization. In the same year the Alivisatos group independently reported
the organization of discrete numbers of DNA-attached gold nanocrystals into
spatially defined structures by means of Watson-Crick base-pairing interactions
(5). In the next year the Mirkin group applied their AuNPs-assembling method
to the colorimetric detection of oligonucleotides, based on that DNA-modified
AuNPs aggregated and underwent a color change from red to purple upon the
introduction of single-stranded target sequences (6). This work pioneered the
use of DNA and noble metal nanoparticles in the colorimetric assay. Based on
such a prototype, an analyte can be extended to various types of targets, recurring
to the recognition ability of DNA. Improvements were then adopted by the
same group to substitute the tai-to-tail alignment for the head-to-tail alignment
of AuNPs probes, obtaining an impressing selectivity (7). The Maeda group
proposed AuNPs based DNA detection method through the non-cross-linking
DNA hybridization (8); when the target DNA was perfectly complementary to the
modified probe with equal length, the AuNPs would aggregate at considerably
high salt concentration. Single-base mismatch at the terminus opposite to the
modified site could be detected, which showed the same dispersed behavior as the
single-stranded DNA-modified AuNPs. Recently, by taking advantage of a novel
nicking endonuclease-assisted nanoparticle amplification (NEANA) process, the
Liu group achieved the colorimetric detection of DNA with single-base mismatch
selectivity and high sensitivity (ca. 10 pM) (Figure 1) (9). In such a detection
system, the nicking endonuclease recognized specific nucleotide sequences in
the target DNA / linker strand duplex and cleaves only the excess linker strand.
The subsequent addition of two sets of different oligonucleotide-modified gold
nanoparticles with sequences complementary to that of the linker strand would
remain their dispersed state in the presence of the target DNA.

In 2003, the Lu group extended the prototype of AuNPs-based DNA
colorimetric detection to the analysis of metal ion Pb2+ (10). The in-vitro selected
DNAzymes were used with both the ends elongating to hybridize with the
modified sequences on AuNPs to form nanoparticle aggregates, and the presence
of Pb2+ would cleave the substrate strand and led to the AuNPs disassembly.
The detection range could be tuned by varying the ratio between the active
and inactive enzyme strands. This work not only extends the targets from
oligonucleotides to metal ions in the DNA-modified AuNPs based colorimetric
detection, but demonstrates that the attached DNA can still retain its ability
as functional nucleic acids to perform recognition. The same group further
optimized the experimental conditions, changed the nanoparticle alignment
from a head-to-tail manner to a tail-to-tail manner and introduced invasive
DNA, obtaining a fast color change in the presence of Pb2+ at room temperature
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(11). Based on the same principle, adenosine (12) and UO22+ ion (13) were
successfully detected by using aptazymes and DNAzymes, respectively; the
presence of the analytes cleaved the ribonucleoside site in the substrate strand and
induced the disassembly of aggregates. The Lu group further achieved adenosine
and cocaine analysis using aptamers and DNA-modified AuNPs (Figure 2)
(14). When the linker strand containing an aptamer domain was hybridized
with the DNA-modified AuNPs to form nanoparticle aggregates, the target
molecules would bind the aptamer and dehybridize the duplex strands, inducing
the aggregates disassembly. The Chang group achieved the protein analysis
using aptamer-modified AuNPs (15), in which case PDGF molecules acted as
bridges to link aptamer-modified AuNPs together since one PDGF molecule
had two binding sites to the aptamer. The Tan group achieved direct detection
of cancerous cells using aptamer-conjugated AuNPs (16), based on that the
assembly of aptamer-conjugated AuNPs around the cell surface caused a red shift
in the absorption spectra. The Mirkin group developed the colorimetric screening
of duplex DNA binding molecules (17) and triplex DNA binding molecules
(18) with AuNPs probes. The presence of binding molecules would enhance the
stability of duplex or triplex DNA and induce the nanoparticles aggregation, and
their relative binding capabilities could be determined via the melting curves
or with the naked eye. Also, the endonuclease activity and the efficiency of its
inhibitors could be evaluated through the AuNPs-based colorimetric screening
(19); the endonuclease degraded the DNA-duplex interconnects and dissembled
nanoparticles while inhibitors decreased endonuclease activity and slowed
down the disassembling process. Taking advantage of T-Hg2+-T coordination
chemistry (T represents thymine), the Mirkin group functionalized AuNPs with
complementary oligonucleotides containing a single T-T mismatch and achieved
Hg2+ assay through the melting temperature change of aggregates or the visual
observation at elevated temperature (20). The Liu group then improved that
method through sequences optimization by adding thymine mismatches to lower
the melting temperature of DNA-AuNPs conjugates thus made the assay simply
done at ambient temperature (21). By means of the strong interaction between
cysteine and Hg2+, DNA-modified AuNPs probes could be applied to distinguish
cysteine from other amino acids (22). The Fan group modified AuNPs with a
mixture of thymine oligonucleotides and incorporated the nanoparticles into a
microfluidic device; the presence of Hg2+ would glue the adjacent probes on
a single particle and alter the charge distribution on the surface, leading to the
particle aggregation at high salt concentration with the concurrent formation of a
visible deposition line in the microchannel (23). Based on the similar principle,
the Dong group modified AuNPs with cytosine-rich sequences and achieved
colorimetric detection of Ag+ ions by means of C-Ag+-C coordination chemistry
(C represents cytosine) (24). Taking advantage of the specific interaction between
adenine and coralyne, the Ren group achieved colorimetric detection of coralyne
using homoadenine-modified AuNPs (25); AuNPs would aggregate through the
linkages of homoadenine self-structures in the presence of coralyne.

244

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

A
R

IZ
O

N
A

 o
n 

N
ov

em
be

r 
27

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

26
, 2

01
2 

| d
oi

: 1
0.

10
21

/b
k-

20
12

-1
11

2.
ch

00
9

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Figure 1. Nicking endonuclease assisted nanoparticle amplification (NEANA) for
target DNA detection (A), colorimetric responses of the system in the presence
of various concentrations of target DNA (B), the detection of oligonucleotides
with a single mismatch (C) and the detection of target sequences of different
length (D). Reproduced with permission from reference (9). Copyright 2009

WILEY-VCH Verlag GmbH & Co. KGaA.

The Li and Brook group used DNA-modified AuNPs to hybridize aptamer
to detect adenosine (26); the aptamer would dissociate from AuNPs after the
target binding, which reduced the negative charges and the steric effect on the
surface of AuNPs, weakened the salt-resistant ability of the AuNPs and led to
the nanoparticles aggregation at the same salt concentration. The same group
further modified AuNPs with double-stranded DNA or 8-17 DNAzyme specific
to Pb2+ and detected DNase І or Pb2+ (27); the removal of surface-bound DNA
strands by enzymatic cleavage would lead to the rapid aggregation of AuNPs at
the same salt concentration. When the surface-immobilized aptamer on AuNPs
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bound target and folded into target-stabilized structure, the nanoparticles were
shown to be more stable toward salt-induced aggregation than those tethered to
unfolded aptamers. Taking advantage of this mechanism, adenosine (28) and ATP
(29) molecules could be detected, respectively. The mechanism in Ref. (26) to
Ref. (29) can be considered as salt-induced non-cross-linking aggregation since
the targets do not directly assemble or disassemble nanoparticles; instead, the
presence of targets changed the charge density or the DNA conformation on the
surface of AuNPs and subsequently influenced the stability of nanoparticles at
high salt concentration.

Figure 2. Colorimetric detection of cocaine based on cocaine-induced
disassembly of nanoparticle aggregates linked by a cocaine aptamer (A) and
the plots of absorption ratio versus cocaine concentration and the visual

observation (B). Reproduced with permission from reference (14). Copyright
2006 WILEY-VCH Verlag GmbH & Co. KGaA.
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In 2004, the Rothberg group proposed label-free colorimetric detection of
DNA sequences using unmodified AuNPs (30, 31). Random-coil single-stranded
DNA could adsorb onto AuNPs and afford them a high negative charge
density, protecting nanoparticles from salt-induced aggregation; whereas the
double-stranded oligonucleotides could not effectively adsorb onto AuNPs
thus nanoparticles aggregated at high salt concentration due to the screening
of electrostatic repulsion. Utilizing the protecting ability of random-coil
single-stranded DNA toward unmodified AuNPs and the target-induced DNA
conformation change, various targets can be detected by means of the recognition
ability of DNA based on the prototype proposed by the Rothberg group. The Fan
group extended the principle to the analysis of K+ using K+ aptamer (32); the
aptamer folded into the tetraplex structure in the presence of K+ and the rigid
structure lost the ability to protect AuNPs, leading to a color change after salt
addition. The Dong group further extended the targets of the aptamer-based
colorimetric detection using unmodified AuNPs to proteins by taking thrombin
as an example (33). Based on the same principle, the Yang group reported the
colorimetric detection of ochratoxin A (34) and dopamine (35) using unmodified
AuNPs and the corresponding aptamers. The Fan group achieved the analysis
of ATP using unmodified AuNPs and aptamer / complementary DNA duplexes
(36); the binding of ATP to the aptamer induced the duplex dehybridization,
releasing the complementary oligonucleotides to stabilize AuNPs at high salt
concentration. Further, the Fan group demonstrated the detection of cocaine by
using unmodified AuNPs and split aptamer fragments (37); the split fragments
could protect AuNPs from salt-induced aggregation while the cocaine-induced
association of the two fragments lost that ability. The Dong group (38) and the
Lu group (39) independently reported the label-free colorimetric detection of
Pb2+ using AuNPs and DNAzymes; the substrate strand / enzyme strand duplex
could not stabilize AuNPs against salt-induced aggregation while the released
single-stranded DNA upon cleavage by Pb2+ afforded protection. The Lu group
further achieved the analysis of UO22+ based on the same principle (13). Taking
advantage of the T-Hg2+-T coordination chemistry, the Willner group developed
the detection of Hg2+ using unmodified AuNPs and T-rich oligonucleotides,
based on that the T-rich oligonucleotides would fold into hairpin structures in the
presence of Hg2+ and lose protecting ability (40). The Chang group independently
analyzed Hg2+ based on the similar principle, using T33 sequences as recognition
units (41). The Yang group achieved the analysis of Hg2+ by means of AuNPs and
dye-tagged single-stranded DNA containing T-T mismatches (42); the presence
of Hg2+ induced the formation of duplexes which could not stabilize AuNPs
against salt-induced aggregation, accompanied by a fluorescence restoration due
to the poor adsorption of double-stranded DNA onto AuNPs. The Yang and Jiao
group obtained a tunable detection range for Hg2+ using unmodified AuNPs and
DNA oligonucleotides by varying the number of T-T mismatches in duplexes
(43), and a common interference Pb2+ can be differentiated from Hg2+ by choosing
the characteristic wavelength of aggregated AuNPs (44). Relying on the i-motif
structure formation at acid pH, the Ren group designed a colorimetric pH meter
using unmodified AuNPs (45). Based on that the intercalating molecule could
increase the stability of duplex DNA, the Ling group achieved the colorimetric
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recognition of DNA intercalators (46). Relying on the different adsorption rates
of long and short DNA sequences onto AuNPs, the Nie group achieved the
colorimetric nuclease assay and measurement of oxidative DNA damage (47);
the cleaved short single-stranded DNA by nuclease or hydroxyl radicals adsorbed
more rapidly onto AuNPs and afforded better protection than long-strand DNA in
the equal time. The Yang group further extended this principle to the colorimetric
detection of Cu2+ by using the long sequence of Cu2+-dependent DNAzyme (48).
The Mao group achieved colorimetric detection of glucose in rat brain using
unmodified AuNPs (49); the generated H2O2 from the oxidation of glucose would
react with Fe2+ to produce hydroxyl radicals, which cleaved single-stranded DNA
stabilizers into small fragments without protecting ability. The Heeger and Plaxco
group achieved colorimetric detection of DNA, small molecules, proteins and
ions using unmodified AuNPs and conjugated polyelectrolytes (Figure 3) (50).
At low salt concentrations both single-stranded and double-stranded DNA could
prevent the aggregation of AuNPs, while the conjugated polyelectrolyte specially
inhibited that ability of single-stranded DNA instead of the double-stranded
or folded DNA due to its stronger binding to random-coil single-stranded
oligonucleotides, based on which the target-induced structure switch of DNA can
be visualized by the dispersion of AuNPs.

Figure 3. Colorimetric detection of thrombin (A), cocaine (B) and Hg2+ ions (C)
using unmodified AuNPs, conjugated polyelectrolytes and functional nucleic

acids; (D), (E) and (F) correspond to the visual read in the presence of thrombin,
cocaine and Hg2+ ions, respectively. Reproduced with permission from reference

(50). Copyright 2010 National Academy of Sciences, U.S.A.
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The combination of AuNPs and DNA can also be used to design the
colorimetric logic gates, which has an indication of the presence or absence of
the two targets, by regarding the two targets as two inputs. For example, for the
“AND” logic gate, only in the presence of both targets can the system generate
a true output value. With regard to the “OR” logic gate, only in the absence
of both targets can the system generate a false output value. “INHIBIT” logic
gate can be applicable to determine only the presence of target 1 but the absence
of target 2. The Lu group designed smart “AND” and “OR” colorimetric logic
gates using DNA-modified AuNPs and different linking DNA molecules (51). If
AuNPs self-assembled to form aggregates through two different kinds of DNA
linkers containing two types of aptamers, the nanoparticles would dissemble
only in the presence of both targets which broke both kinds of linkers due to the
formation of aptamer-target complexes, yielding an “AND” logic gate. If AuNPs
self-assembled by one DNA linker flanked by two aptamers, the presence of
either target could induce the aggregates disassembly via the linkage breaking,
yielding an “OR” logic gate. The Zhang group reported the use of DNA-modified
AuNPs for DNA computing and logic-based biomolecular detection (52); the
coexistence of all three miRNA sequences resulted in the formation of complete
linkages and induced the nanoparticles aggregation, which actually performed an
“AND” logic. The Ogawa and Maeda group designed “OR” and “AND” logic
gates using DNA-modified AuNPs and aptazymes, based on a non-cross-linking
nanoparticles aggregation (53). In an “OR” logic gate, both the input molecules
made each dependent aptazyme yield the same cleaved RNA which could
hybridize to the probe DNA on AuNPs, and the full complementarity of the
duplex terminus on DNA induced the nanoparticles aggregation at high salt
concentration. In an “AND” logic gate, the sequences of cleaved RNA from
two aptazymes hybridized with the probe DNA on AuNPs via a sandwich type
to form the fully complementary duplexes without any dangling end, thus both
inputs were required for AuNPs aggregation to occur. The Zhang group utilized
DNA-modified AuNPs and supramolecular DNAzyme structures to develop a
complete set of two-input logic gates (54); through various sequence designs in
the supramolecular DNAzyme, the released DNA molecules would interconnect
the DNA-modified AuNPs to form aggregates, obtaining the true output according
to the logic. The Yang group demonstrated the colorimetric logic gates for small
molecules using unmodified AuNPs and split / integrated aptamers (Figure 4)
(55). The use of two integrated aptamers enabled the construction of the “OR”
logic gate, since the two strands could reassemble to form target-stabilized
structures in the presence of either input or both inputs, losing the ability to
protect AuNPs. The use of two split aptamers and one integrated aptamer enabled
the construction of “AND” logic gate, since only the presence of both inputs led
to the formation of the DNA complex consisting of three strands, with no short
strands releasing to stabilize AuNPs.
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Figure 4. Schematic illustration of the “OR” logic gate using unmodified AuNPs
and split / integrated aptamers (A) and the visually observed outputs (B), and
schematic illustration of the “AND” logic gate using unmodified AuNPs and split
/ integrated aptamers (C) and the visually observed outputs (D). Reproduced with
permission from reference (55). Copyright 2011 Royal Society of Chemistry.

The use of silver nanoparticles combined with DNA in the colorimetric
assay is also exploited by the researchers, taking advantage of the recognition
ability of DNA and the optical properties of AgNPs. The Mirkin group grew a
thin Au shell on the Ag nanoparticle to make the DNA modification easy while
retain the optical properties of AgNPs, achieving the analysis of oligonucleotides
(56). The Han group coated AgNPs with a silica shell and modified DNA onto
the nanoparticle to detect the target sequence (57). Target DNA interconnected
Ag / Au (or SiO2) core-shell nanoparticles via the sandwich hybridization with
the modified DNA on the surface and induced the aggregates formation as
well as the absorbance change. To make DNA attachment to AgNPs easier,
the Wilson group loaded DNA on disulfide group-containing dextrans to form
PDP-dextran-oligo conjugates, and target oligonucleotides could be detected
through the hybridization with such conjugates (58). In those work efforts were
made to fabricate either nanoparticles or oligonucleotides to enhance the affinity
between them with the purpose of incorporating the two together. Besides, efforts
were also made to modify AgNPs directly by employing DNA oligonucleotides
with terminal functional groups. The Hutter group modified AgNPs with 12
mer-thiolated homo-oligonucleotides and performed the homoadenine recognition
to homothymine, with the characteristic absorbance of AgNPs significantly
decreasing upon hybridization (59). The Lee group functionalized thiolated
random sequences onto AgNPs under acid conditions, and then readjust pH
to neutral to perform assay; the absorbance of AgNPs would change in the
presence of complementary conjugates (60). The Mirkin group prepared
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AgNPs-oligonucleotide conjugates using DNA with cyclic disulfide-anchoring
groups, and the complementary sequences would induce the formation of
DNA-linked AgNPs aggregates and the concurrent color change from yellow to
pale red (Figure 5) (61). The Graham group modified thoilated DNA probes onto
AgNPs by introducing a spacer of adenine bases to improve the association, and
achieved target sequences assay through the sandwich hybridization (62).

Figure 5. (A) The assembly of DNA-conjugated AgNPs based on complementary
oligonucleotides terminated with triple cyclic disulfide groups. (B) The melting
transition curve monitored at 410 nm wavelength; the inset (B) shows the color
change upon DNA hybridization. Reproduced with permission from reference

(61). Copyright 2007 American Chemical Society.

Besides the use of DNA-modified AgNPs, unmodified AgNPs and DNA
have also been utilized in the detection. The Su group achieved colorimetric
detection of DNA using charge neutral peptide nucleic acids (PNA) and AgNPs,
based on that the PNA oligomers induced the nanoparticles aggregation while
the formed PNA-DNA complexes in the presence of target sequences afforded
protection due to the negative charges of DNA strands (63, 64). The Yang and
Jiao group reported the label-free colorimetric detection of coralyne utilizing
DNA oligonucleotides and AgNPs, extending the targets from oligonucleotides to
small molecules (65). Homoadenine sequences were found to effectively stabilize
AgNPs while the presence of ligands binding to homoadenine bound the adsorbed
sequences and took them away from the surface of AgNPs, thus AgNPs were less
well protected and aggregated after salt addition, accompanied by a color change
from yellow to brown. By using unmodified AgNPs and the mercury-specific
oligonucleotides, the Yang group further achieved the colorimetric detection
of Hg2+, based on that the random-coil oligonucleotides could protect AgNPs
from salt-induced aggregation while the Hg2+-induced stem-loop structure could
not (66). The Luo group developed a label-free colorimetric detection method
for biological thiols using AgNPs and DNA (67); the biological thiols such as
homocysteine adsorbed onto AgNPs more easily than DNA due to their stronger
binding affinity, which prevented the DNA adsorption and led to the nanoparticles
aggregation after salt addition.
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Figure 6. The enzymatic reactions with CIAP (A) and PKA (B), schematic
illustration of AgNPs-based enzyme colorimetric assay (C), and colorimetric
detection of CIAP (D) and PKA (E). Reproduced with permission from reference

(69). Copyright 2008 American Chemical Society.
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Without resorting to the recognition ability of DNA, AuNPs or AgNPs can
also act as optical probes in the bioanalysis. The Li and Brook group reported the
colorimetric enzyme sensing using unmodified AuNPs, based on that the highly
charged nucleoside ATP could stabilize the AuNPswhile the uncharged nucleoside
adenosine could induce nanoparticles aggregation (68). Taking advantage of the
enzymatic reaction to convert ATP into adenosine, the specific enzyme and its
inhibitor could be analyzed. TheWang group achieved enzyme colorimetric assay
using unmodified AgNPs, through the finding that ATP could protect AgNPs
from salt-induced aggregation while the enzymatic reaction products adenosine
or ADP could not; two enzymes corresponding to the products and one inhibitor
could be detected (Figure 6) (69). The Xing group presented a colorimetric assay
for β-lactamase and the screening for its inhibitors using unmodified AgNPs and
AuNPs (70); the β-lactam ring opening in the presence of enzymes generated
the fragment containing thiol and positively charged amino groups, which could
replace citrate ions on nanoparticles and induce the aggregation. The Ren
group reported the colorimetric detection of dopamine using unmodified AgNPs;
dopamine could adsorb onto AgNPs via the Ag-catechol interaction, displacing
the coated citrate ions and neutralizing the surface charge, eventually leading to
the nanoparticles aggregation (71). The Li group synthesized positively charged
AuNPs stabilized by cysteamine and achieved the visual detection of heparin, by
means of the electrostatic attraction between the positively charged AuNPs and
polyanionic heparin, which led to the nanoparticles aggregation due to charge
neutralization (72). The same group further demonstrated the nuclease assay
by using such positively charged AuNPs (73); the longer single-stranded DNA
carrying more negative charge sites could induce the nanoparticles aggregation
while the cleaved shorter fragments only produce insignificant aggregation. The
Ye group synthesized UTP-stabilized AgNPs and utilized them to distinguish
the chirality of cysteine (74); the aggregation of AgNPs induced by D-cysteine
was much more sensitive than by L-cysteine by at least 2 orders of magnitude.
The work from Ref. (68) to Ref. (74) can be considered as the direct use of
the as-prepared AuNPs and AgNPs to perform assay. After the modification
of nanoparticles with bio-recognition units, analytes interacting specially
with the recognition unit can be detected through the optical probes. The Lu
group functionalized 1-(2-mercaptoethyl)-1,3,5-triazinane-2,4,6-trione (MTT)
onto AuNPs and achieved the analysis of melamine in raw milk and infant
formula (75); the hydrogen-bonding between MTT and melamine would glue
MTT-modified AuNPs together to form aggregates. The Yang and Zhang group
reported the colorimetric detection of a peptide fragment from neurogenin3 using
the anti-neurogenin3 antibody functionalized AuNPs (76); the binding of the
positively charged peptide to the negatively charged AuNPs would neutralize
the surface charge and induce the nanoparticles aggregation after salt-addition.
The same group further demonstrated the analysis of a peptide fragment from
neurogenin1 by using the anti-neurogenin1 antibody conjugated AgNPs (77); the
binding of the negatively charged peptide to the likely charged AgNPs would
increase the charge density of nanoparticles and enhance their stability to resist
salt-induced aggregation. The Sreenivasan group immobilized glucose oxidase
on AuNPs and achieved the colorimetric detection of glucose in urine (78);
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glucose was oxidized to gluconic acid by the immobilized glucose oxidase, and
the resulted H+ ions brought down the net negative charge of nanoparticles,
leading to their aggregation.

Figure 7. Schematic illustration of Cu2+ detection using AuNPs and
Cu2+-responsive DNAzyme crosslinked hydrogel (A) and the photographs of
hydrogel dissolution to release the trapped AuNPs in the presence of Cu2+ and
the Cu2+-dependent DNAzyme (B). Reproduced with permission from reference

(83). Copyright 2011 Royal Society of Chemistry.
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Besides the utilization of the distinct color between the dispersed and
aggregated AuNPs or AgNPs, two other properties of such noble metal
nanoparticles can be used to generate the absorbance signal. The first one is to
utilize nanoparticles’ own intense color. As long as AuNPs or AgNPs are present,
the corresponding color they display can be visualized or monitored. The Ioannou
and Christopoulos group developed an AuNPs-based DNA assay in a dry-reagent
strip (79). The biotinylated target would be attached to the AuNPs via an
intermediate DNA hybridization and be captured through the loaded streptavidin
in the test zone, giving a red line; the excess AuNPs would be captured in the
control zone through DNA hybridization and gave a second red band to indicate
that the strip-test worked properly. The Lu group designed a lateral flow device
through immobilizing the adenosine or cocaine aptamer-linked AuNPs aggregates
to achieve the “dipstick” test, via the observation of a red line in the membrane
(80). The presence of targets would dissemble the aggregates due to the formation
of aptamer-target complexes, and the dispersed nanoparticles could migrate along
the membrane and be captured through the biotin-streptavidin interaction to form
the red line; whereas the aggregated nanoparticles in the absence of targets could
not migrate due to their large size and the red line could not be observed. The same
group further detected Pb2+ ions by using the non-cross-linked AuNP-DNAzyme
conjugates in the dipstick tests (81). The dispersed DNA-functionalized AuNPs
could migrate both in the absence or presence of Pb2+. The substrate strand
would remain uncleaved in the absence of Pb2+ and AuNPs could be captured
in the control zone through the interaction between the applied streptavidin
and the biotin group terminated in the substrate strand, producing a red line in
the control zone; while the substrate strand would be cleaved in the presence
of Pb2+ and AuNPs would proceed to migrate and be captured in the test zone
via the hybridization between the applied complementary sequences and the
immobilized DNA on AuNPs, yielding a red line in the test zone. The Yang
and Tan group achieved the detection of cocaine through the trapped AuNPs
within the gel or released ones in the whole solution (82). Two pieces of DNA
were grafted onto linear polyacrylamide polymers and the polymers would be
cross-linked to transform into a gel after the addition of the linker DNA containing
aptamer sequences, in which case AuNPs were trapped inside the gel with the
upper solution layer appearing colorless; while the presence of cocaine would
dehybridize the DNA duplex due to the formation of aptamer-target complex
and induce the dissolution of the gel, in which case AuNPs were released and
the whole solution became intense red. The same group further achieved the
analysis of Cu2+ using AuNPs and DNAzyme crosslinked hydrogel (Figure 7)
(83); the linear polyacrylamide would be cross-linked into a hydrogel through
the hybridization between grafted enzyme strand and substrate strand. However,
the addition of Cu2+ cleaved the substrate strand and dissociated the polymers,
leading to the transformation of the gel into liquid form. AuNPs were used therein
as colorimetric indicators to visually observe the gel formation or dissolution.
The Liu group utilized AuNPs and DNA-functionalized monolithic hydrogels
to perform the DNA detection (84); the probe DNA was covalently attached to
the gel and the reporter DNA immobilized on AuNPs would be linked to the
hydrogel surface in the presence of target DNA via the sandwich hybridization,
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producing a red color on the gel surface. The Ye and Tan group utilized AuNPs
and aptamer-crosslinked hydrogels to develop logic gates, with the red color of
the buffer solution defined as the true output (85). In the “AND” logic gate only
the presence of both targets could dehybridize the Y-shaped DNA interconnects
and led to the hydrogel dissolution, releasing AuNPs to the solution to display
red; while in the “OR” logic gate the presence of either one target could break
the sandwich type of linkages, disrupting the gel to release AuNPs. The Li group
developed the direct detection of β-agonists using AuNPs-based colorimetric
assay (86); β-agonists would directly reduce HAuCl4 to atomic gold which formed
AuNPs spontaneously, resulting in a red color and a strong absorbance at 528 nm.

The second one is to use the catalytic properties of noble metal nanoparticles
to generate absorbance signal. The Higuchi and Chen group prepared DNA
aptamers carrying Pt nanoparticles and exploited their use in the colorimetric
sensing of thrombin and anti-thrombin antibodies (87). The DNA/Pt complexes
possessed peroxidase enzymatic activity and retained the specific binding ability
of the aptamers, and thrombin and anti-thrombin antibodies could be detected
through the construction of the sandwich type and competitive type assay,
respectively, by using the thrombin-binding aptamer/Pt complex to recognize
thrombin and to react with 3,3’,5,5’-tetramethylbenzidine (TMB) to generate
absorbance. The Li group reported the hydrogen peroxide and glucose detection
by taking positively-charged AuNPs as a peroxidase mimic (88); positively
charged AuNPs possessed intrinsic peroxidase-like activity, catalyzing the
oxidation TMB by H2O2 to produce a blue color, which could be used to sense
H2O2 and glucose. The Fan and Li group demonstrated the nanoplasmonic
detection of DNA hybridization using the catalytic activity of AuNPs (89).
AuNPs were found to exhibit glucose oxidase-like activity and such an activity
was extremely sensitive to surface properties; single-stranded DNA could adsorb
strongly onto AuNPs and resulted in the suppressed enzyme-like activity, while
the formed double-stranded duplex in the presence of target sequences bound
weakly to AuNPs and had slight influence on the catalytic activity. The generated
H2O2 through the AuNPs-catalyzed glucose oxidation was further evaluated by
its cascade reaction with 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS2-) in the presence of horseradish peroxidase, to obtain an absorbance
dependent on target DNA.

Electrochemical Analysis

Recently, NMNs-based electrochemical detection for bioanalysis has
drawn great attention, due to their merits of high surface area, high mechanical
strength, rich electronic properties and excellent chemical and thermal stability
(90, 91). In addition, they also exhibit excellent biocatalytic activities and
biocompatibility with biological components. Among them, AuNPs are the
most attractive candidates for electrochemical systems due to the relatively low
cost and ease of preparation (92). Hence, we will focus on the recent advances
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in AuNPs based biosensor systems, which include the enhanced detection in
conventional electrochemical system and the promoted analysis in ECL system.
The applications of other metal NPs will be excluded in this part.

The field of enzymatic biosensors has been expanding significantly with
the evolution of nanostructures for electrode preparation with the utilization
of several redox enzymes (93). Many efforts have been made to improve the
electrochemical signal for the purpose of biosensing using nanostructured thin
films (94). AuNPs can served as promoters to electron transfer from biological
molecules to electrode surfaces, and NPs/protein conjugates are assembled on the
electrode via simple self-assembly technology to fabricate the third generation
NPs-based biosensors. Typically, Dong’s group has developed a novel method
to construct a third-generation horse radish peroxidase (HRP) biosensor by
self-assembling AuNPs into three-dimensional sol–gel network, which exhibited
the electrochemical behavior toward H2O2 detection (linear range of 0.005-10
mM) (95). Later, this procedure was extended by Raj et al (96).

Figure 8. Hydrolysis of MPS and the Stepwise Biosensor Fabrication Process.
Reproduced with permission from reference (95). Copyright 2002 American

Chemical Society.

Figure 8 shows the preparation process of the biosensor (95). First, the
gold electrode was modified with three-dimensional matrix by treatment with
hydrolyzed (3-mercaptopropyl)-trimethoxysilane (MPS), then AuNPs were
infiltrated into the matrix by forming Au-S covalent linkage. Finally, HRP was
introduced into the electrode surface by electrostatic attraction between negatively
charged AuNPs and positively charged HRP.

Besides this common used self-assembly method, the layer-by-layer (LBL)
technique is also an efficient procedure to fabricate functional electrochemical
sensing interfaces, in which redox proteins are used as the “glue molecules” (97).
As a versatile route, many kinds of materials can be selected as building blocks
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(polyelectrolytes, conducting polymers, clays, carbon-based materials, biological
molecules, et al.). For example, to develop more sensitive glucose sensors for
medical application, Hu et al. described that dendrimer-protected AuNPs and Mb
were alternately adsorbed on the surface of pyrolytic graphite (PG) electrodes
(98). The prepared biosensors exhibited good electrochemical behavior and
catalytic performances. Ju et al. reported a novel multilayer membrane with
AuNPs, multi-walled carbon nanotubes (MWCNTs) and glucose oxidase (99).
Excellent electrocatalytic character for glucose biosensing at a low potential was
detected. The resultant sensor could detect glucose up to 9.0 mM with a LOD of
128 μM.

Another effective method for creating a favorable AuNPsmodified biosensing
interface is electrochemical deposition (100). Compared with above mentioned
route, this process is simpler and quicker under moderate conditions. Typical
instances include the direct electrodeposition of AuNPs on planar gold electrode
and the direct electrodeposition of CHIT-oxidase-AuNPs hybrid (101, 102).

In fact, with the advancement of material science, other components are
also introduced to cooperate with AuNPs and bioactive enzymes to improve
the sensitivity, stability and reproducibility. For example, an Au-CaCO3 hybrid
material was demonstrated as a promising template for enzyme immobilization
which exhibited satisfactory biocompatibility and improved properties (103). The
biosensor exhibited a fast amperometric response to H2O2 (linear range 4-8×10-5
M with a LOD of 1×10-6 M at S/N=3). Several polyelectrolytes and conducting
polymers were also used as a composite to facilitate enzyme immobilization (104).
Most recently, with the development of carbon material, novel carbon-based
materials (carbon nanotubes, carbon nanohorn and graphene) have been used to
co-modify the electrode interface (105–107).

The other attractive approach is the nonenzymatic electrochemical approach,
in which the electrocatalysts (Prussian blue (PB), metal oxide, Heteropoly
Acid (HPA)) or some mimetic enzyme is responsible for its direct detection.
Compared with the enzymatic route, several advantages are presented, for
instance, the synthesis and storage of the sensors is simplified and the tolerance
to environmental conditions is improved as no enzyme attachment/deactivation
is involved. Several groups have demonstrated their successful work via this
method. For example, our group has reported a PB@Pt NPs/CNT hybrid for
efficient determination of H2O2 (108). With the synthetic effects of MnO2 and
AuNPs, another amperometric sensor for H2O2 was fabricated, which exhibited
a wide linear range from 7.80×10-7 to 8.36×10-4M with a detection limit of
4.68×10-8 M (109). In addition, its application in real samples (toothpastes) has
obtained a satisfactory result.

Besides the biosensors mentioned above, AuNPs have been functionalized as
sensors for the detection of dopamine (DA) (110), uric acid (UA), ascorbic acid
(AA) (111), bilirubin (112), hemoglobin (Hb) (113), tryptophan (114), cytochrome
c (115), et al. Compared to standard analytical techniques, these modified
electrodes display desirable results, with a marked enhancement in response, fast
response, long-term stability and reproducibility. However, this area is still on
the horizon from the viewpoint of practical applications. There is still a great
need to design and fabricate multi-functional nanosystems for effectively loading
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enzymes or electrocatalysts and to construct the corresponding electrochemical
biosensors.

Great efforts have been paid to developing genosensors with many detection
techniques. Compared with conventional methods (fluorescent, chemiluminescent
and colorimetric signals), combining electrochemical techniques with NPs has
proved to be an effectivemethod for exploringDNA sensors with simple and cheap
instruments. Despite the intensive reviews on the electrochemical DNA sensors
using AuNPs by the groups of Wang and Merkoci (116–118), here we just make a
brief summary of recent advances on it.

Figure 9. Schematic of the different strategies used for the integration of AuNPs
into DNA sensing systems: (A) Previous dissolving of AuNP by using HBr/Br2
mixture followed by Au(III) ions detection; (B) direct detection of AuNPs

anchored onto the surface of the genosensor; (C) conductometric detection, (D)
enhancement with silver or gold followed by detection; (E) AuNPs as carriers of
other AuNPs; (F) AuNPs as carriers of other electroactive labels. Reproduced
with permission from reference (116). Copyright 2007 WILEY-VCH Verlag

GmbH & Co. KGaA.

As shown in Figure 9 (116), six important strategies have been introduced
to integrate AuNPs in DNA sensing systems. In view of their functions, AuNPs
acted as DNA attachment or signal amplifiers. Here we just focused on the
direct detection of DNA that incorporated AuNPs as either signal amplifiers
(transducer) or electroactive species. Recently, with the chemical adsporption
of 1, 6-hexanedithiol, AuNPs were successfully modified on a gold electrode
(119). When it was immerged into a mixture solution of DNA and daunomycin,
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it exhibited a DNA detection limit at the nanomolar level, proved to be one of the
most sensitive and convenient approaches. Yang et al. and Zhang et al. described
electrochemically entrapment of ssDNA molecules in a polymeric film, which
enhanced the molecular loading and stability (120, 121). Then AuNPs were
introduced to promote the electron transfer reactions on electrode surfaces for
DNA sensing. In addition, by using AuNPs as catalytic labels, a sandwich-type
electrochemical sensor was fabricated to achieve ultrasensitive DNA detection,
in which the high signal amplification and low background enabled the detection
limit to 1 fM of target DNA (122). Furthermore, to enhance the sensitivity and
the selectivity, MWCNTs were used to help AuNPs to immobilize DNA probes.
The final sensor presented a detection limit in fM range, a good stability and
reproducibility (123). Other inorganic materials were also integrated into the
DNA sensing system besides the materials mentioned above. For example,
CdS NPs modified AuNPs were applied to amplify the detection signal by an
amidation reaction between bio-bar codes binding DNA on the surface of AuNPs
and mercapto acetic acid on the surface of CdS NPs (124). The sensor exhibited
excellent performance in concentration range from 1.01×10-14 to 1.0×10-13Mwith
a detection limit of 4.2×10-15 M of target DNA. In summary, to further improve
the sensitivity and selectivity, greater efforts on preparing multifunctional hybrid
materials and designing more sensitive strategies are needed.

Due to their practical applications in food industry, clinical diagnose and
environmental protection, immunosensors have been paid much attention. Among
the developed immunosensors, electrochemical biosensors provide simple,
inexpensive and yet accurate platforms for selective targets detection. With the
introduction of NPs, the high sensitivity in biological assays has been approved.
Since several recent reviews have summarized the use of Metal-NP-based
electrochemical detection for immunoassay applications (125, 126), here we
simply want to describe some recent advances in it.

With the concept of hybridation, enzyme-labeled immunosensors were well
developed. For the sensitive detection of target antigen, HRP-labeled antibodies
(HRP-Abs) were conjugated to AuNPs modified electrodes. For example, with
the functionalization, the AuNPs/CNTs modified electrode exhibited a fast
amperometric response to human Ig G (linear range 0.125-80 ng mL-1with a LOD
of 40 pg mL-1) (127). With the aid of conducting polymer (poly-terthiophene
carboxylic acid, poly-TTCA) and covalently bonded dendrimer, the modified
AuNPs/GCE electrodes were used to diagnose lung cancer at the pg mL-1
level (128). In addition, using a sandwich-type format, the sensitivity of the
electrochemical immunosensors can be enhanced by AuNPs labeled detection.
Typically, after the immobilization of hepatitis B surface antibody (HBsAb) on
AuNP/thionine/DNA-modified gold electrodes, a low detection limit of HBs Ag
at pg mL-1 level was observed with the aid of AuNPs modified HRP-HBsAb (the
secondary antibodies) (129).

Figure 10 demonstrates the scheme of the stepwise fabrication process.
Similar enhancement was reported for alpha-fetoprotein (AFP) sensor, in which
HRP polyclonal anti-human-AFP Ab were used as the secondary antibodies
(130). Besides the sandwich-type sensors, a competitive strategy can be used for
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immunoassay. In this case, a detection limit of 0.6 ng mL-1 was found for AFP
analysis with a CNT–AuNP-doped CS film (131).

Figure 10. Fabrication process of the electrochemical immunosensor and the
pathway of electron transfer. Reproduced with permission from reference (129).

Copyright 2009 Springer.

Alternatively, label-free electrochemical immunosensors have also
been intensively researched because of their simplicity, speedy analysis
and high sensitivity, in which AuNPs acted as amplifier for more sensitive
sensor. Recently, using the amine-Au affinity, Shen group described a
successful assembly between surface confined AuNPs and antibodies in a
great amount (132). The high immunological activity was still preserved for
this sensor. Additionally, the composited structure of antibody embedded
AuNPs and SiO2/thionine nanocomposition can be employed for the detection
of carcinoembryonic antigen (CEA) at the ng mL-1 level (133). Furthermore,
after the covalent attachment with Anti-CEA Abs, glutathione modified
AuNPs were immobilization on Au electrodes by electro-copolymerization
of o-aminophenol (134). The immuonsensor could detect the CEA with
a detection limit of 0.1 ng mL-1 and a linear range of 0.5–20 ng mL-1.
Similarly, for the detection of AFP sensitively, AuNPs were functionalized with
1,1-bis-(2-mercapto)-4,4-bipyridinium dibromide, a kind of sulhydrylviologen
(SV) (135). The fabricated immunosensors exhibited a broad linear range of
1.25–200 ng mL-1 and a LOD of 0.23 ng mL-1.
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Aptamers have exhibited potentials in recognizing and detecting various
targets, which are produced though a process known as systematic evolution
of ligands by exponential enrichment (SELEX) (136). They present some
advantages over the traditional antibodies besides their comparable affinities
and specificities,. For example, aptamers can be produced in mass due to their
accurate chemical components. In addition, aptamers are more stable than
antibodies, especially in extreme conditions. Furthermore, undergoing reversible
denaturations, aptamers can be modified by attachment of new functional
groups easily. Because of these predominant characters, they are widely used
as recognition elements in biosensors, which have been named as aptasensors.
Typically, since the first report in 2004 (137), electrochemical aptasensors have
attracted a great attention, due to the merits of portability , low cost and easy
operation. Considering the presence of several impressive reviews (138–140), we
will introduce the roles of AuNPs in electrochemical aptasensors.

In 2007, He et al. reported an ultrasensitive label-free aptasensor for thrombin
detection (141). After the capture by immobilized antibodies on micro-titer plates,
thrombin were detected by aptamers modified AuNPs. Because the NP carried a
large number of aptamers per thrombin binding event, the detection signals were
amplified with a LOD of 0.1 ng mL-1. In addition, Zhang et al. have demonstrated
a “signal-on” aptasensor for cocaine, in which ferrrocene (Fc)-labeled thiolated
aptamers were self-assembled on AuNPs (142). Upon cocaine binding, the
conformation of the aptamers changed to hold the redox moieties in close
proximity to the electrode. A detection limit of 0.5 mM and a wide linear range
from 1 to 15 mM were obtained by SWV method. Regeneration can be achieved
and good storage stability under a 15 day-period was also mentioned. Moreover,
Wang et al reported an aptasensor for PDGF detection via sandwich frameworks,
in which AuNPs were used to amplify the signal intensity and Ru[(NH3)5Cl]2+
was selected as electrochemical probe (143). This approach obtained achieved
an extraordinarily low detection limit of 1×10-14 M for purified samples, and
1×10-12 M for contaminated-ridden samples or undiluted blood serum. Similarly,
a reusable “signal-off” aptasensor for adenosine detection has also been described
(144). Thiolated capture DNA probes were self assembled on a gold NPs covered
gold surface before partial hybridization with Fc-labeled aptamer probes. Upon
adenosine binding, displacement of the Fc-labeled aptamers resulted in a decrease
in signal current. This approach exhibited a detection limit of 20 nM and a linear
range extended from 100 nM to 10 mM. Regeneration can be performed via a
simple dehybridization in hot water.

Besides the amperometric aptasensors, detections based on electrochemical
impedance spectroscopy (EIS) are the other attractive approach. For example,
to improve the sensitivity for thrombin detection, several strategies have been
proposed by different groups. Li et al. developed a simple and sensitive EIS
aptasensor via the self assemble of thiolated apatamer on electrodeposited AuNPs
on GCE (145). A linear range from 0.12 to 30 nM and a LOD of 0.03 nM was
obtained for thrombin. Moreover, to improve the detection sensitivity, a sandwich
sensing platform based on rhodamine 6G (R6G) functionalized AuNPs was
described (146). The aptamers labeled AuNPs are negatively charged, which
increase the interfacial electron transfer resistance in the presence of Fe(CN)63-/4-.
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The presence of R6G not only improved the signal but also allowed surface
enhanced Raman Scattering (SERS) detection to be performed. To further
improve the detection sensitivity, a three-level cascaded signal amplication was
developed by Yu group, in which aptamers labeled AuNPs (Apt-AuNPs) was
the first-level signal enhancement, the steric-hindrance between the enlarged
Apt-AuNPs was the second-level signal amplification and the electrostatic
repulsion between sodium dodecylsulfate and electrochemical probe acted as
the third amplication (147). The prepared aptasensor presented a wide detection
range from 100 fM to 100 nM for thrombin. This approach not only improved
the detection sensitivity but also realized a simple and general model for signal
application in EIS analysis.

Electrochemiluminescence (also called Electrogenerated chemiluminescence,
ECL) is chemiluminescence triggered by electrochemical methods. ECL
biosensors have attracted a great attention due to the characteristic advantages
of ECL and the selectivity of the biological recognition elements. Since several
critical reviews have been reported (148, 149), we will give some typical
examples to discover the roles of AuNPs in ECL biosensors.

Due to their excellent biocompatibility and good electron conductivity,
AuNPs have been utilized to modify the electrodes. For example, Dong’s group
has proposed a self-assemble strategy to immobilize alcohol dehydrogenase
(ADH) and ruthenium (II) tris(bipyridine) (Ru(bpy)32+) to negatively charged
AuNPs (150). Such biosensors exhibited high selectivity and sensitivity. In
addition, AuNPs were used as tiny conduction centers to facilitate electron
transfer. Wang et al. developed an ECL biosensor for biological substance
(bovine serum albumin (BSA), and immunoglobulin (Ig G)). An AuNPs layer
was first combined into the surface of the 2-mm-diameter gold electrode to
increase the electrode area as well as the immobilized recognition elements
(151). With AuNPs amplification, the ECL peak intensity was proportional to the
concentration over the range 1-80 and 5-100 μg mL-1 for BSA and IgG consuming
50 μL of sample, respectively. A 10- and 6-fold sensitivity enhancements were
obtained for BSA and IgG over their direct immobilization. Similar idea has
been explored to DNA hybridization. With the enhancement in sensitivity, the
detection limit of target ssDNA (6.7×10-12 M) is much lower than that on bare
electrode (152).

Another important issue about AuNPs is their catalytic effects on
ECL. Typically, Cui et al. have discovered that AuNPs modified electrode
could generate strong luminol ECL signals, due to the catalytic effects
(153–155). The biocompatibility of AuNPs and the enhanced ECL intensity
entailed them with potential applications in biosensors. For example,
they have developed a sandwich-type immunosensor for human Ig G with
N-(aminobutyl)-N-ethylisoluminol (ABEI) labeling (156). This approach
exhibited a linear range extending from 5.0 ng mL1 to 100 ng mL -1 and a detection
limit of 1.68 ng mL-1. It has been successfully applied to the detection of hIgG
in human serums. Homogeneous ECL immunoassay for human Ig G has also
been developed using ABEI as labels at AuNPs modified paraffin-impregnated
graphite electrode (PIGE) (157). Due to the formation of a rigid structure of the
ABEI moiety, the detection limit for human IgG was 10 pg mL-1. Recently, Xu
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et al. developed an ECL glucose biosensor, in which GOD was adsorbed onto
silica sol-gel network with the aid of AuNPs (158). A linear range extending
from 1 μM to 5 mM was obtained with a detection limit of 0.2 μM glucose.
Alternatively AuNPs have been also used as both quencher and enhancer in
quantum dot’s ECL research. More recently, a simple ECL sensing platform
has been fabricated to detect target DNA (159). In this case, CdS:Mn QDs has
been selected as luminophores. The ECL signals were quenched by AuNPs as a
result of fluorescence resonance energy transfer (FRET) phenomena. If the target
hybridization took place, the ECL intensity would be enhanced by the surface
plasmon resonances of AuNPs. In this proposal, a detection limit of 50 aM for
target DNA was obtained.

AuNPs also can be used as ECL carriers for ECL probes. For example,
Ru(bpy)32+ -AuNPs aggregates have been synthesized via electrostatic interactions
(160). The as-prepared aggregates were attached on ITO electrode for application
in capillary electrophoresis or a CE microchip. Alternatively, Fang et al.
described a controllable solid-state ECL film based on efficient quenching of
ECL by oxidizing ferrocene labeled molecular beacon (161). The ECL intensity
varied with the conformation change induced by the complementary DNA
hybridization. More recently, the Yang group also introduced an assembly
technique to immobile Ru(bpy)32+, in which luminescent dyes was entrapped
in silica and some functional NPs (Au, Fe3O4) were coated via electrostatic
interaction (162). This approach provided a simple and effective method for
electrode functionalization.

With the occurrence of aptamers, several ECL aptasensors have also been
explored. For example, an ECL apatasensor has been developed for the detection
of thrombin, in which a sandwich framework was fabricated with the AuNPs
amplification (163). AuNPs labeled capture apatmers were immobilized onto
thiolated ITO surfaces through Au-S bonds. After catching thrombin, the
secondary signal apatamers labeled with luminescent Ru(bpy)32+ were attached.
With the presence of TPA, the detection limit was estimated to be 10 nM. Such
aptasensor opened up a highly sensitive technique especially for application in
microarray analysis. Beside this, combining with the signal amplification ability
of AuNPs, a novel [Ru(bpy)2(dcbpy)NHS] labeling/aptamer-based biosensor has
been constructed for the determination of lysozyme (164). Another “signal off”
aptasensor has also been fabricated on the basis of the displacement of ECL probe
by Zhang et al (165). This approach exhibited a detection limit of 1.0 fM with
high specificity.

Fluorescent Analysis

Fluorescence spectroscopy is a classical electromagnetic detection method
which analyzes the spontaneous radiative decay of electronically excited
molecules. It is widely applied in biochemical, medical and chemical research
fields for analyzing various bimolecular compounds. Recently, the progress in
the synthesis of NMNs with controlled morphologies or attractive properties
has significantly impacted the development of fluorescence biomolecular
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analysis (166–171). NMNs, especially Au nanoparticles, can conjugated with
biomolecules and retain their inherent biochemical activities, making NMNs ideal
tools for several bio-analytical applications (172). Herein, we briefly introduce
some related works concerning the preparation of fluorescent active NMNs and
their applications in bio-analysis.

In 1994 , Brust & Schiffrin reported a method for the synthesis of
thiol-derivatized gold nanoparticles in a two-phase liquid-liquid system (173).
AuCl4- was transferred to toluene using tetraoctylammonium bromide as the
phase-transfer reagent and reduced by NaBH4 in the presence of dodecanethiol.
This report has a profound impact on the future development of fluorescence based
analysis. Because the as-prepared Au clusters provides impresive stability and
monochromaticity, especially in comparison with the conventional organic dye
molecular. Besides, thiol protected gold clusters, or other similar thiol-protected
clusters, also provide well-defined excitation and emission spectra in contrast to
larger semiconductor nanocrystals. The sample can be obtained in a relative facile
manner which requires neither complicated high temperature syntheses with toxic
precursors, nor tedious overcoating procedures (174). NMNs thus can serve as
promising fluorescent probes in various biochemical fields (175). However, the
fluorescence quantum efficiency of thiol-protected clusters is only around 10-4 at
early stage. Such unfavorable factor severely limits their practical applications
(176, 177).

In 2003, Ag and Au nanodots with much higher fluorescence quantum yields
were prepared by Dickson’s group through biocompatible poly(amidoamine)
dendrimer hosts. The strong size-dependent blue emission from these
monodisperse Au nanodots was measured to be 41% ± 5%, in aqueous solution
(178, 179). After that, they prepared water-soluble Au quantum dots which
behaved as multielectron artificial atoms with discrete, size-tunable electronic
transitions throughout the visible and near IR (180). Recently, more high quality
NMNs were manufactured by using DNA (181, 182), oligonucleotide (183),
cyclodextrin (184), peptide (185), protein (186–188) and polymer (189, 190) as
the templates .

Due to the excellent photo quenching (or photo enhancement) properties
of noble nanoparticles, the sensitivity of fluorescence-based assays can be
considerably increased (191–197). On the other hand, the selectivity of the
fluorescence assessment can also be improved by utilizing the high selective
binding affinity of different aptamer toward the target analyte (198–201). Based
on these mechanisms, several noble metal NCs have been utilized as a new
class of fluorescence detectors (202). For instance, Dong’s group presented
two sensitive cysteine assessment methods by using fluorescent conjugated
polymer-stabilized gold nanoprobe (203) or water-soluble fluorescent Ag clusters
(204), respectively. Later, they developed a near-infrared fluorescent dye (FR
730) protected AuNPs for sensitive detection of biological thiols. The entire
detection process could be applied in a complex multicomponent mixture, such
as human plasma, and had great potential for diagnostic purposes (205). Bai
et al. described a fluorescence resonance energy transfer (FRET) system to
identify molecules that stabilize G-quadruplexes. Unmodified Au nanoparticles
was directly used here as a fluorescence quencher. This study provided a simple,
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sensitive, and reliable method to identify ligands with potential anticancer activity
(206). Fan’s group also has carried out a series of quantitative investigations on
the detection of biomolecules (207). For instance, they prepared a multicolor
fluorescent gold nanoprobe, which combines the specific binding abilities of
aptamers with the excellent quenching ability of gold nanoparticles (AuNPs). The
as-prepared multicolor fluorescent gold nanoprobe could simultaneously detect
adenosine, potassium ion, and cocaine with high selectivity (208).

Semiconductor quantum dots (QDs) have also been utilized for FRET-based
NMNs assays. QD–Au nanoparticle DNA conjugates have been widely applied as
DNA fluorogenic probes, which was suitable for the detection of simple structured
DNA in various aqueous environments. Malvin et al. reported a fluorescent
competitive assay for DNA identification using QDs and AuNPs. The emission
of quantum dots was efficiently quenched by contact with gold nanoparticles
through a hybridisation event using specially prepared DNA conjugates (209).
Afterwards, Kim’s group developed an enzyme inhibition assay method based
on the modulation in the FRET efficiency between streptavidin coated QDs and
biotinylated AuNPs. The detection limit for avidin was around 10 nM (210).
Then, they used the similar method to recognize glycoproteins (211). These works
exert marked influence on various fields, including material science, medical
technology and analytical chemistry (212–217).

Highly specific genetic analysis is extremely important in a variety of
biomedical applications (218). One popular sensing approach is to create
FRET-based systems by using modified oligonucleotide−AuNP conjugates
(Figure 11). Nie et al. applied colloidal gold nanocrystals as a biosensor
which is able to detect specific DNA sequences and single-base mutations in
a homogeneous format (219). This work has profound implications for the
fluorescent analysis of DNA. Later, Krauss’s group proved that gold membrane
supported fluorophore-tagged DNA hairpins can be used as immobilized
“molecular beacons”. This investigation indicated that DNA hairpins immobilized
on a gold surface can remain their selectivity to bind complementary DNA
sequences (220). Rothberg’s group exploited a DNA sequence detection system
based on its electrostatic properties (221). Gold nanoparticle could also be applied
to monitor the cleavage of DNA by nucleases (222). Last year, a systematical
research was carried out by Borghs’s group, who investigated various sized
fluorescence quenching and enhancement near Au nanoparticles. Different
lengths of fluorescently labeled hairpin DNA probes were employed in this study
(223). Mirkin’s group has also developed several high quality AuNP fluorescent
strategies to recognize and quantify intracellular mRNA. This year, they described
their latest progress in the use of multiplexed nanoflare, a nanoparticle agent that
is capable of simultaneously detecting two distinct mRNA targets inside a living
cell. During the detection, one of the mRNA targets can be used as an internal
control, allowing researchers to determine more precisely relative mRNA levels
in individual cellular environment (224, 225).

Apart from AuNP probe, Wang’s group synthesized highly sequence-
dependent silver nanoclusters, which could be applied to identify single nucleotide
mutation (226). Recently, they demostrated that Pd nanowires (NWs) could also
be used as a new biosensing platform for high-sensitivity nucleic acid detection.
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The basic idea is based on the absorption of dye-labeled DNA onto nanosized
Pd can substantially quench the fluorescence of dye while the specific hybridize
with the complementary region of the target DNA sequence can restore the
fluorescence (227).

Figure 11. Schematic illustration of the DNA detection mechanism. The nucleic
acid probe conjugated with the organic dye is self-complementary, forming a
hairpin structured dye-oligonucleotide−AuNP conjugates with effective FRET
fluorescence quenching. Such hairpin structure can be opened by the target DNA
through complementary hybridization, coupled with a significant increase in

fluorescence.

Mercapto biomolecules, such as cysteine, homocysteine and glutathione,
are crucial factors for Alzheimer’s disease and cardiovascular disease. Their
selective detection is thus of interest in biomedical and bio-analytical research.
On the basis of different aggregation kinetics, Tseng’s group developed a
fluorosurfactant (FSN)-capped gold nanoparticles for cysteine detection (228). In
2008, they used citrate-capped AuNPs modified with nonionic fluorosurfactant
for selective detection of cysteine and homocysteine (229). One year later,
they carried out a convenient method for the preparation of water-soluble
fluorescent mannose-protected Au nanodots for the detection of Concanavalin
A. Besides, the proposed Au nanodots system could be also used to detect E.
coli. Incubation studies revealed that the Au nanodots could bind to the bacteria,
resulting in brightly fluorescent cell clusters. Significant linear relationship
(1.00 × 106 to 5.00 × 107) was observed between the fluorescence signal and
the E. coli concentration (230). After that, they presented an upgraded detection
system based on the combination of fluorosurfactant-capped gold nanoparticles
and o-Phthaldialdehyde (231). By comparing the final fluorescent intensity,
homocysteine could be detected with excellent sensitivity and selectivity.
Although, the entire analytical process was a bit time-consuming and labor
intensive, it was also true that their successive works have inspired a lot of papers
in the task of fluorescent functional NMNs (232–234).
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Figure 12. Schematic illustration of the fluorophore-displacement
bacterial detection array. Cationic AuNPs (yellow particles) and anionic

p-phenyleneethynylene (PPE, purplish red dots) polymer were used to generate
the sensor. Presence of bacteria (Green Capsules) disrupts the initially quenched

assemblies leading to fluorescence restoration of PPE. From the distinct
fluorescence response patterns, the sensor array was capable of identifying
different kinds of bacteria. Analogous AuNP-conjugated polymer systems can

also be applied to detect and identify cells and proteins.

In the following, we would like to give a brief description of “chemical
nose (tongue)”, which is a new expanded concept of fluorescent recognition that
employs several organized selective interactions to generate patterns, so as to
monitor target analytes in complex mixtures (235, 236). One good example of
this idea is published by Rotello’s group, who created a sensor array containing
six non-covalent gold nanoparticle–fluorescent polymer conjugates to detect,
identify and quantify protein targets. The presence of different proteins disrupts
the nanoparticle–polymer interaction through competitive binding, resulting in
distinct fluorescence response patterns. These patterns are highly repeatable and
are characteristic for individual proteins at nanomolar concentrations. Those
protein samples can even be quantitatively evaluated by linear discriminant
analysis. Combined with ultraviolet measurements, the proposed approach has
been successfully used to identify 52 unknown protein samples (seven different
proteins) with an impressive accuracy (237). Analogous amino acid terminals
functionalized water-soluble gold nanoparticles were fabricated to probe the effect
of receptor surface on protein surface binding (238). Then, they manufactured a
hybrid synthetic-biomolecule sensor that used arrays of green fluorescent protein
and nanoparticles to detect proteins in human serum (239). Similar strategy can
be also employed to detect bacteria (240) and mammalian cells (241) (Figure 12).
In the future, the strategies of “chemical nose (tongue)” might be utilized as an
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upgraded alternative of gel electrophoresis that widely applied as a facile and
powerful complement to the current biological and biomedical analysis (242).

In addition, AuNPs also have been widely used applied in biomedical
imaging and diagnostic study, because of their ease of preparation, ready
bioconjugation, high contrasts, flexible light absorption/scattering properties,
and most importantly, excellent biocompatibilities (243–246). Several types of
AuNPs, including nanoshells, nanorods and nanocages, have been prepared and
applied as tracers and cellular trajectories (247–250).After appropriate surface
modification, Au based nanostructures can also be used for subsequent treatment.
For instance, Fe3O4@Au NPs have potential uses as a veratile contrast agent
for MRI, CT, microwave-induced thermoacoustic, photoacoustic imaging and
magnetomotive photoacoustic imaging (251–254). Apart from that, the excellent
optical absorption properties of AuNPs making them attractive as photothermal
agents for cancer therapy (255). In compared with the conventional cancer
treatment, AuNPs based therapy is a promising noninvasive technique for target
destruction of cancer cells with minimal physical sufurring. Along with the
development of surface chemistry, more AuNPs based fluorescent agents with
fascinating in-vivo properties will no doubt be explored in the near future, but
meanwhile, the efficiency and long-term toxicity of these rising material must be
systematically considered throughout the development process.

Conclusion and Outlook

In conclusion, NMNs based analytical method is definitely an attractive
and promising approach for bio-analysis that has the advantages of rapidity,
cheapness, sensitivity and selectivity. For absorption spectroscopic analysis, the
distinct color between the dispersed and aggregated NMNs, their own intense
color and their catalytic ability can all be used to generate a visual read-out as
well as absorbance signals. The results can be determined with the naked eye thus
reliance on complicated instruments can be minimized. However, unmodified
NMNs are unstable in the presence of high ionic strength and tend to aggregate,
which greatly limits their use in practical applications. Meanwhile, the sensitivity
of the absorbance-based assay using NMNs still needs to be improved; since a
high sensitivity can retain the system’s response to the target while reduce the
influence of interferences in the complex sample diluting process. Endeavors are
still needed to achieve the accurate detection in real samples such as biological
fluids by taking modified or unmodified NMNs as optical sensing elements.

The introduction of NMNs facilitated the immobilization of biomolecules
or electrochemical probes, improved the interfacial electronic conductivity and
enhanced electrocatalytic ability in electroanalysis. However, considering the
practical biosensing, there is still a long way to go. For example, despite the
improvement in sensitivity and selectivity, further enhancement in stability and
recycle ability are still in progress. In addition, their application in miniaturized
system with diverse functions is also in the infant stage. To circumvent the above
issues, more efforts might be devoted to synthesizing innovative NMNs with high
conductivity, high specific surface area and unique physicochemical properties
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for detection of specific target molecules, fabricating hybrid architectures with
excellent biocompatibility, designing multifunctional nanodivices with enhanced
detection efficiency.

There are also a number of challenges with regard to the practical applications
of fluorescent detection. For instance, the fluorescence quantum efficiencies of
bimolecular-protected NMNs are generally around 10-3, which are much lower
than most inorganic NCs or fluorescent molecules. When applied in complex
biological environments, systematical studies are also demanded to optimize
both the stability and the biocompatibility of the NMNs based fluorescent
method. Furthermore, with respect to the “turn off” or “turn on” of the molecular
fluorescence by using NMNs, a time consuming surface modification process is
usually required. Therefore, although novel functionalized NMNs system with
higher sensitivity and selectivity are still the primary research subjects, we believe
that more efforts are also needed to improve the accessibility and reliability of the
current NMNs based fluorescent assays.
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Chapter 10

Nanoparticles of Different Shapes
for Biosensor Applications

Radha Narayanan*

Department of Chemistry, University of Rhode Island, Kingston, RI 02881
*E-mail: rnarayanan@chm.uri.edu

In this book chapter, we survey the use of different shapes of
nanoparticles for biosensor applications. A wide variety of
shapes have been studied such as spherical, rod, cube, triangular,
hexagonal, and many others. Many different metals such as
gold, zinc oxide, etc. have been used as the nanoparticles
for the design of the biosensors. We focus on biosensor
applications based on specific instrumental readout methods
such as surface enhanced Raman spectroscopy (SERS), surface
plasmon resonance (SPR), and electrochemical biosensors. We
discuss several examples of different types of biomolecules
that can be detected using each type of biosensor. We discuss
the limits of detection and sensitivities of each of the different
biosensor methods.

Introduction

A sensor is a material or device that can be used to detect a particular species
of interest at trace levels. A biosensor is a type of sensor which is targeted
for the detection of biological materials such as proteins, bacteria, viruses, and
other such types of materials. There have been many different types of readout
methods that have been used in biosensors such as SERS, SPR, electrochemical,
and colorimetric methods. Many different types of biological materials have been
detected using these different types of biosensors.

SERS based sensors are based on the greatly enhanced Raman signals that
occur when the Raman scattering molecule is placed near or attached to the gold
or silver nanoparticles or substrates. SPR based sensors come in two types:
one involving the change in the refractive index and the other involving shifts

© 2012 American Chemical Society
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in the surface plasmon bands. In electrochemical biosensors, different types of
electrochemical techniques such as amperometry were used as readout methods.
In colorimetry, changes in the color of the samples are used as a sensing platform
to detect biological materials.

In this review, we focus on nanoparticles of different shapes for biosensing
applications. Some examples of different shapes of nanoparticles include rod,
cube, dogbone, trigonal pyramidal, and many others. One method for synthesizing
different shapes of gold and silver nanoparticles is the seed-mediated growth
method. The polyol growth method has also been used for synthesis of gold and
silver nanoparticles of various shapes.

Types of Biosensor Readout

Surface-Enhanced Raman Spectroscopy

Cube-like gold nanoparticles have been used as extrinsic Raman labels for
detection of human IgG proteins using a heterogeneous sandwich immunoassay
format (1). Figure 1 illustrates the three step process involved in the heterogeneous
sandwich immunoassay format. Extrinsic Raman labels (ERLs) are composed
of DSNB, a Raman reporter molecule as well as an antibody that is bound to the
DSNB through the amine group to form an amide bond. The capture substrate
involves stamping the template strip gold substrate with octadecanethiol and
exposing the unmodified central region with DSP. Then the antibody binds to
the succinimidyl group of DSP via the amine group to form an amide bond. The
actual sandwich immunoassay is conducted by first exposing the capture antibody
substrate to different concentrations of antigen and finally applying the extrinsic
Raman labels, completing the sandwich.

This heterogeneous sandwich immunoassay process was used for CTAB
capped spherical and cube-like gold nanoparticles as ERLs (1). It was found
that the CTAB-capped cube-like ERLs resulted in 336x lower limits of detection
for human IgG protein compared to citrate capped spherical gold nanoparticle
ERLs. In addition, the CTAB capped spherical gold nanoparticle ERLs showed
41x lower limits of detection compared to the citrate capped spherical gold
nanoparticle ERLs. Overall, the cube-like gold nanoparticle ERLs resulted in low
ng/mL detection of the human IgG protein, which corresponds to high pg/mL
levels of detection of this protein.

A SERS based sandwich immunoassay conducted using antibody coated
magnetic nanoparticles is used for the detection of low levels of E.coli (2).
This methodology combines immunomagnetic separation with surface enhanced
Raman spectroscopy. Figure 2 illustrates the sandwich immunoassay protocol
using the spherical magnetic nanoparticles and the gold nanorods. The
gold-coated spherical magnetic nanoparticles were prepared by immobilizing
biotin-labeled anti-E. coli antibodies onto avidin-coated magnetic nanoparticles.
These nanoparticles are used for the separation and enumeration of E. coli cells.
The Raman labels used for the SERS studies are prepared using rod shaped gold
nanoparticles coated with DTNB and subsequently with a molecular recognizer.
The DTNB labeled gold nanorods are allowed to interact with the gold-coated
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spherical magnetic nanoparticles-antibody-E. coli complex. It was found that
the linear dynamic range using SERS is 101 to 104 cfu/mL. Using SERS as the
detection method resulted in the limit of detection to be 8 cfu/mL and the limit
of quantitation to be 24 cfu/mL (2). It was also determined that this method can
be used for detection of E. coli in real water samples and the results are similar
to that obtained using plate-counting methods. The overall method is rapid and
sensitive to target organisms with total analysis time of less than 70 minutes.

Figure 1. Three step process involved in a heterogeneous sandwich immunoassay
for detection of proteins (1). Reproduced with permission from reference (1).

Copyright (2008), (ACS).

Special shaped gold nanoparticles are used as SERS substrates due to its
high sensitivity for this detection method and are especially advantageous for
trace detection of biomolecules (3). Hexagon and boot shaped gold nanoparticles
that are capped with starch are used as SERS substrates and it was found that
the SERS properties varied for each gold nanoparticle shape. It was observed
that using the boot-shaped gold nanoparticles resulted in 100 times higher SERS
enhancements compared to spherical gold nanoparticles. Due to their very high
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SERS enhancements, they have been applied for highly sensitive detection of
avidin (3). It was found that concentrations as low as 0.01 unit/mL can be detected
using the boot-shaped gold nanoparticles as SERS substrates. It is expected that
these boot-shaped gold nanoparticles could find applications in other fields such
as biolabeling, bioassays, biodiagnosis, and clinical diagnosis and therapy.

Figure 2. Schematic of sandwich immunoassay protocol using the spherical
magnetic nanoparticles and the gold nanorods (2). Reproduced with permission

from reference (2). Copyright (2011), (Royal Society of Chemistry).

Localized Surface Plasmon Resonance

Nanoparticle cluster arrays (NCAs) are a class of electromagnetic materials
with chemically defined nanoparticles assembled into clusters of defined sizes
and are fabricated via integration of chemically synthesized building blocks into
predefined patterns (4). Figure 3 illustrates the method of formation of the NCAs
and SEM images of the NCAs that have been formed using this method With
NCAs, it is possible to sustain near-field interactions between nanoparticles within
individual clusters as well as between entire neighboring clusters. The near-field
interactions on multiple length scales coupled with the ability to further enhance
the coupled plasmon modes through photonic modes in carefully designed array
morphologies leads to a multi-scale cascade electromagnetic field enhancement
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throughout the array. The NCAs have potential applications in plasmon enhanced
biosensing and surface enhanced Raman spectroscopy. The NCAs have been
tested as potential biosensing substrates with two Gram-positive bacteria and one
Gram-negative bacteria (4). The bacteria are grown to the log phase and washed
with DI water prior to drop-coating onto the NCAs. There are stronger SERS
signals for areas where the NCAs are coated with the bacteria compared to the
uncoated areas. The NCAs showed consistently stronger SERS signals of the
bacteria samples than the unpatterned Au NP film.

Figure 3. Schematic showing the method of formation of the NCAs and SEM
images of the NCAs that have been formed using this method (4). Reproduced

with permission from reference (4). Copyright (2011), (ACS).

This paper discusses a single molecule biosensing scheme based on color
differentiation of scattered light between single plasmonic NPs and DNA
hybridization induced NP aggregates (5) . Figure 4 illustrates the concept of
using the two different types of nanoparticles to conduct assay and detection
via darkfield microscopy. By using a seed-mediated growth method and a fast
DNA modification method, highly stable, spectrally uniform and monodisperse
Au NPs and Au/Ag/Au composite NPs have been synthesized. The binding
of a single-target molecule between two NP probes can be recognized without
separation from the unbound NPs by using a darkfield microscope equipped
with a conventional light source and a color charged coupled camera. This
homogeneous assay has a limit of detection of 0.02 pM. It is also possible to do
multiplexed sensing by using the two types of nanoparticles as different color
probes(Xiao, Wei et al. 2010). This detection scheme can be applied to other
areas such as multiplexed immunoassays, single cell analysis, and real time
biomolecular interaction studies.
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Figure 4. Schematic illustrating the concept of using the two different types
of nanoparticles to conduct assay and detection via darkfield microscopy (5).
Reproduced with permission from reference (5). Copyright (2010), (ACS).

Figure 5. Schematic of gold nanoparticle based optical biosensing platform used
to assay proteinase activity (6). Reproduced with permission from reference (6).

Copyright (2010), (Elsevier).
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An optical biosensing platform for proteinase assay is established based on the
SPR properties of the gold nanoparticles (6). Figure 5 illustrates gold nanoparticle
based optical biosensing platform used to assay proteinase activity. The gold
nanoparticles are modified with gelatin which serves as the proteinase substrate
and then modified with 6-mercaptohexan-1-ol . After trypsin or gelatinous
digestion, the gold nanoparticles lose shelter and the 6-mercaptohexan-1-ol
increases the attractive forces between the modified gold nanoparticles. As a
result of these increased attractive forces, the nanoparticles move closer to each
other resulting in nanoparticle aggregation. There is a visible color change in the
nanoparticles from red to blue and a shift in the surface plasmon band that occurs
due to the aggregation. The proteinase activity can be quantitatively determined
by looking at the ratio of the two absorption peaks. A linear correlation with the
trypsin activity and the matrix metalloproteinase 2 has been established.

Figure 6. Schematic of the fabrication of the ZnO-Au nanocomposite based
biosensor (7). Reproduced with permission from reference (7). Copyright (2009),

(Elsevier).

A wavelength modulation surface plasmon resonance biosensor based on
ZnO-Au nanocomposites was developed for the detection of human IgM (7). The
self-assembly technique was applied to the building of the sensor as illustrated
in Figure 6. The modified biosensor shows satisfactory response for human IgM
in the concentration range from 0.3 – 20 μg/mL. This is better than the biosensor
without the nanocomposites which exhibits a response of 1.25 – 20 μg/mL. The
sensitivity for determination of concentration of human IgM is significantly
enhanced when the biosensor based on the ZnO-Au nanocomposites was applied
compared to the biosensor based on the Au film.
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The use of biofunctionalized nanoparticles of different shapes and sizes
have been used for the enhanced surface plasmon resonance detection of a
protein biomarker at attomolar concentrations (8). The effect of different gold
nanoparticle shapes were systematically compared. Each nanoparticle was
functionalized with an antibody (anti-thrombin) and used as part of a sandwich
assay in conjunction with an Au SPR chip modified with a specific DNA-aptamer
probe specific to thrombin. The concentration of each nanoparticle-antibody
conjugate solution was optimized first before establishing that quasi-spherical
nanoparticles result in the greatest enhancement in sensitivity with the detection
of thrombin at concentrations as low as 1 aM. When nanorod and nanocage
nanoparticles are used, the minimum target concentrations that can be detected
is 10 aM and 1 fM respectively. This is a significant improvement compared to
previous studies and is attributed to functionalization of both the nanoparticle
and chip surfaces resulting low nonspecific adsorption as well as a combination
of density increases and plasmonic coupling inducing large shifts in the local
refractive index at the chip surface upon nanoparticle adsorption.

Electrochemical

Cadmium sulfide nanoparticles have been synthesized using the solvothermal
method (9). Rod and spherical shaped CdS nanoparticles have been formed
using this method and the optical properties suggest quantum confinement by
the nanoparticles. High photocatalytic activity towards the degradation of Rose
Bengal has been achieved using the CdS nanoparticles. The CdS nanoparticles
are also found to have peroxidase like activity that can catalyze the oxidation
of the peroxidase substrate in the presence of hydrogen peroxide to produce a
blue color reaction. The CdS nanoparticles have been anchored onto a glassy
carbon electrode to study the electrochemical reduction of hydrogen peroxide
in phosphate buffer solution. The modified electrode has also been used as
amperometric biosensor for detection of hydrogen peroxide.

A highly sensitive electrochemical immunosensor based on combination of
chitosan (CHT) and coral-shaped gold nanoparticles to form an immobilization
matrix has been developed using human IgG as a model analyte (10). Figure
7 shows the design of the electrochemical immunosensor sensing device. The
inorganic-organic hybrid film with abundant adsorbing sites and large surface area
can reserve the biocompatibility of the biomaterials which can greatly increase
the loading amounts of assembling and significantly improve the biosensing
performance. The morphology is investigated by scanning electron microscopy
(SEM). Under optimized conditions, the immunosensor exhibits excellent
performance with detection limits of 5 pmol/L being achieved. Also the linear
dynamic range is 3 orders of magnitude and there is also high specificity. This
makes this electrochemical immunosensor an attractive platform for the direct
immunoassay of human IgG or other biomolecules.
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Figure 7. Schematic of the design of the electrochemical immunosensor sensing
device (10). Reproduced with permission from reference (10). Copyright (2011),

(Elsevier).

A tetragonal pyramid-shaped porous ZnO nanostructure is used for the
immobilization, direct electrochemistry, and biosensing of proteins (11). The
ZnO has a large surface area and good biocompatibility. Glucose oxidase is a
model in which the shaped ZnO is tested for immobilization of proteins and the
construction of electrochemical sensors with good electrochemical performances.
The interaction between glucose oxidase and ZnO is examined by AFM, nitrogen
adsorption isotherms, and electrochemical methods. The immobilized glucose
oxidase on a zinc oxide modified glassy carbon electrode shows a good direct
electrochemical behavior, which depends on the properties of the ZnO. The
proposed biosensor exhibits a linear response to glucose concentrations ranging
from 0.05 to 8.2 mM with detection limit of 0.01 mM at an applied potential
of -0.5 V. As a result, these types of ZnO nanoparticles have better biosensing
properties than other ZnO morphologies. This ZnO biosensor shows good
stability, reproducibility, and low interferences. It can also diagnose diabetes very
fast and sensitively.

A well-ordered nanosieve structure of silver nanoparticles was synthesized
using a hydrothermal method (12). Figure 8 shows TEM images and electron
diffraction pattern of the silver nanoparticles. The crystallinity of the silver
nanoparticles was confirmed by X-ray diffraction. The silver nanoparticles have
an average size of 35 nm and have a hexagonal shape with a nanosieve structure.
Also, the SPR peak is at 410 based on the UV-Visible spectrum. The silver
nanoparticle nanosieve modified electrode shows excellent catalytic activity
towards the reduction of hydrogen peroxide at a low overpotential. The nanosieve
may also be promising for electronics and photonics applications.
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Figure 8. TEM images of the silver nanoparticles as well the electron diffraction
pattern (12). Reproduced with permission from reference (12). Copyright (2011),

(Royal Society of Chemistry).

A nano-sized tetragonal pyramid-shaped porous ZnO nanostructure was
prepared in highly morphological yield by polyglycol assisted wet chemical
method (13). The polyglycol has a significant effect on nucleation and pore
formation in the ZnO nanostructure. The hydroxide concentration and the
zinc counterion affected the morphology of the produced ZnO nanostructure.
TPSP-ZnO can be used as an efficient matrix for immobilizing horseradish
peroxidase and applied to sense hydrogen peroxide. These ZnO nanostructures
have better biosensing properties then solid ZnO nanoparticles, which is due
to the larger surface area of TPSP-ZnO, causing a higher HRP loading. Also,
the tetragonal pyramid ZnO nanostructures have high fraction of surface atoms
located on the corners and edges, resulting in an improved catalytic activity.

Colorimetric

The key to effective and successful treatment of diseases such as cancer is
early and accurate diagnosis (14). A simple colorimetric and highly sensitive
two-photon scattering assay as illustrated in Figure 9 for highly selective and
sensitive detection of breast cancer SK-BR-3 cell lines at 100 cells/mL level is
reported for the first time using a multifunctional (monoclonal anti-HER2/c-erb-2
antibody and S6 RNA aptamer-conjugated) oval-shaped gold-nanoparticle based
nanoconjugate. When these oval-shaped gold nanoparticles are mixed with the
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breast cancer SK-BR-3 cell line, a distinct color change occurs and two-photon
scattering intensity increases 13 times. Experimental data with the HaCaT
noncancerous cell line, as well as with MDA-MB-231 breast cancer cell line,
clearly demonstrated that this assay was highly sensitive to SK-BR-3 and it was
able to distinguish from other breast cancer cell lines that express low levels of
HER2. The mechanism of selectivity and the assay’s response change has been
discussed. These experimental results reported here open up a new possibility
of rapid, easy, and reliable diagnosis of cancer cell lines by monitoring the
colorimetric change and measuring TPS intensity from multifunctional gold
nanosystems.

Figure 9. Results from the colorimetric experiments (14). Reproduced with
permission from reference (14). Copyright (2010), (ACS).
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Chapter 11

Electrochemical Sensors and Biosensors
Based on Self-Assembled Monolayers:

Application of Nanoparticles for
Analytical Signals Amplification

Hanna Radecka,* Jerzy Radecki, Iwona Grabowska,
and Katarzyna Kurzątkowska

Laboratory of Bioelectroanalysis, Department of Biosensors, Institute of
Animal Reproduction and Food Research of Polish Academy of Sciences,

Tuwima 10, 10-748 Olsztyn, Poland
*E-mail: hanna.radecka@pan.olsztyn.pl. Phone: +48 89 523 46 36.

Fax: +48 89 524 01 24

One of the most popular techniques to create well-defined
functional surfaces is the formation of self-assembled
monolayers (SAMs) based on the covalent interactions of
thiols, disulphides, sulphides and other related molecules with
the surfaces of noble metals, particularly gold, as well as
platinum and mercury. This phenomenon is a base of sensors
and biosensors presented. They can be divided into two main
categories. The first type is based on ion-channel mimetic
mode, where the analytical signals are governed by changing of
accessibility of redox marker (present in the sample solution) to
the electrode surface upon analyte recognition. This analytical
approach was successfully applied for development of sensors
and biosensors destined for determination of numerous analytes,
relevant for medical diagnosis, such as: adenine nucleotides,
ethene dicarboxylic acids, dopamine, viruses, His-tagged
proteins and specific sequences of DNA.

Biosensors based on ion-channel mimetic mode were also
suitable for screening of interactions between amyloid β-peptide
and potential drugs.

© 2012 American Chemical Society
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Another type of sensors and biosensors presented is based
on redox active monolayers.The gold electrodes modified with
(dipyrromenthene)2-Cu(II) and porphyrine-Fe (III) were applied
for amperometric determination of paracetamol and L-histidine,
respectively.

The electrodes functionalized with dipyrromethe-Cu(II)
SAM was suitable for oriented and stable immobilization of
His-tagged proteins. This redox active monolayer was a base
of biosensors destined for exploring the interactions between
receptor protein and target species present in the aqueous
solutions.

The analytical signal amplification obtained through
application of the different kind of nanoparticles such as
colloidal gold, nanorods and carbon nanotubes for sensor
construction will be disused.

Keywords: Gold electrode; functionalization; self-assembling
monolayers synthetic receptors; natural receptors;
nanoparticles; voltammetry; electrochemical impedance
spectroscopy

Introduction

Nowadays the main streams of analytical research are directed to improve
the efficiency of medical diagnosis, safety food production and environment
screening. The development of all of these branches is not possible without
suitable analytical methods. Such situation is a drive force for continuous work
on the new trends in analytical chemistry clearly visible in the numerous recent
published scientific literatures (1–8).

The remarkable selectivity and sensitivity of molecular recognition processes
occurring in the biological systems are going in water. This makes the
inexhaustible source of inspiration for researchers dealing with supramolecular
and analytical chemistry.

Generally, intermolecular recognition processes are relied on the formation of
hydrogen bonds, electrostatic interactions, Van der Waals interactions, π electron
interactions, and Lewis acid – acid base interactions.

The development of systems that can efficiently and selectively interact with
target species in water is intrinsically difficult. Recent developments do however
suggest that solutions can be found through a supramolecular approachwhich takes
its inspiration from the natural world (9–11). Nature achieves high affinity and
high selectivity towards targeted substrate in water through multiple weak, non
covalent interactions between the functional groups on the binding partners.

Many of synthetic and natural receptors have lack of water solubility, which
prevents binding studies in aqueous solution. One way of solution of this problem
is immobilization of receptors at the surface of solid electrodes. Such system
allows for observation of intermolecular recognition processes at the interface
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water / solid electrodes. Interface it is a place in which the most of biologically
relevant recognition processes are going on.

Thus, intermolecular recognition processes occurring at the border between
the surface of electrode and water sample solution are the base for development of
new electrochemical sensors and biosensors suitable for medical diagnosis, food
analysis and environmental screening.

Generally, sensor is a tool that integrates synthetic sensing element with
physical transducer where the interactions between the sensing element and
target molecules are directly converted into an electronic signal. Biosensors are
sub-group of sensors that pose as a sensing element the biological molecules.
Selectivity of sensors or biosensors is determined by selectivity of recognition
process. On the other hands, sensitivity is governed by two parameters: sensitivity
of intermolecular recognition and efficiency of transducer. In recent years, a
continuous and fast increase of number of articles concerning the electrochemical
sensors is clearly visible (12–14).

Here we described the of electrochemical sensors and biosensors based on
modified electrodes consist of receptors and nanomaterials designated for medical
diagnosis, food analysis and environmental screening.

According to mechanism of analytical signal generation, they can be divided
into two general groups:

• Sensors and biosensors based on ion-channel mimetic mode
• Sensors and biosensors based on bi-functional redox active layers, which

serve as a transducer and analytically active element at the same time.

Sensors and Biosensors Based on Ion-Channel Mimetic Mode

The ion-channel biomimetic sensor is one in which the kinetic of electron
transfer reaction of the redox marker present in the sample solution is affected by
analytes binding to the receptor. This system consist of two elements: electrode
modified with receptor molecules and redox active marker in solution (Figure 1).
This analytical approach was introduced by Umezawa and co – workers (15, 16).

The mechanism of this sensing method relys on the control of the redox active
marker accessibility to the electrode surface by the binding events between the
analytes from solution and receptor molecules located on the surface of electrode.

There are two sub-groups of ion channel sensors:

• Intermolecular type in which the receptor monolayer and analyte as
results of recognition formed the charged supramolecular complex and
access of marker to surface of electrode is controlled by electrostatic
interactions (Figure 1A).

• Intramolecular type in which the access of marker to the surface of
electrode is controlled by steric hindrance which appear at the surface of
electrode as a consequence of recognition process between the analytes
an receptor molecules located at the surface of electrode (Figure 1B).
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Figure 1. Working principle of ion-channel mimetic sensor: A - intermolecular
type, B - intramolecular type. (see color insert)

The main advantage of ion-channel sensors is the possibility of determination
with high sensitivity of the non electroactive analytes by using of amperometric
techniques. Ion-channel sensors have the inherent possibility of signal
amplification. The binding of only few numbers of analytes to the receptors
monolayer can induce, or suppress oxidation and/or reduction of a greater
numbers of markers (Figure 1A, B).

Generally in the literature there are not so many examples of intramolecular
ion channels sensors. One of this approach is the detection of redox-inactive and
electrically neutral analytes by a cyclodextrin derivative monolayer (17).

First examples intramolecular ion channels sensors developed in our
laboratory are sensors based on gold electrodes modified with the macrocyclic
polyamine as an analytically active element (18, 19). In these cases for
incorporation of host molecules on the electrode surface we have applied two
methods. The first one uses macrocyclic polyamine host molecules containing
six SH groups responsible for covalent bonding to the surface of gold electrode
(Figure 2A). The second method of modification employ macrocyclic polyamine
host incorporated into a 1-dodecanethiol SAM immobilized onto the Au surface
via hydrophobic and van der Waals forces (embedment modification) (Figure 2B).

The electrodes modified in such manners were used for adenine nucleotides
(18) and ethene dicarboxylic acids detection (19).

The sensing of adenine nucleotides was done using both type of electrodes
with two techniques, CV and OSWV. The measurements have been performed
in the presence of borate buffer, because components of this buffer showed
no influence on the voltammetric behaviour of gold electrodes coated with
macrocyclic polyamine films. Two redox markers: [Ru(NH3)6]3+ and [IrCl6]2–
showed quasi-irreversible CV curves in the absence of anionic guests. The
interactions of adenine nucleotides with the polyamine hosts were examined
with the both of markers (18). In the case of positive [Ru(NH3)6]3+ and negative
[IrCl6]2-, the decrease of currents with increase of anionic guests concentration
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were observed. The highest response of both types of electrodes, modified via
covalent and embedment method was observed in the presence of ATP4–. The
sensitivity sequence observed for both of redox markers was as follows:

The sensors prepared by the embedment method displayed two order of
magnitude better detection limit (~1.0 × 10-7 M) for ATP4– than the sensors
modified by the covalent technique. This enhanced detection limit suggests that
flexibility of the receptors, and decreasing of free energy of ion transfer across
the interface may play a crucial role in recognition of target analytes. Both
types of electrodes are characterized by good durability and sensor–to–sensor
repeatability.

Figure 2. Schematic illustration of receptor immobilization on the surface of
gold electrodes by: A - covalent bonds, B - embedment method, C - using

nanoparticles. (see color insert)

As it was mentioned above we have observed that upon increasing
concentration of anionic analytes, the current of redox reaction decreased, for both
types of applied markers and macrocyclic polyamine modified gold electrodes.
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A possible explanation of this phenomenon might be as follows. In this
particular case, the molecular layer packing factor induced by host–guest
complexation, which may cause a decrease in permeability of the cationic marker,
seems to dominate over the effect of reduction of charge repulsion (16, 17). The
results obtained indicated that macrocyclic hexapolyamines incorporated into
SAMs immobilized onto gold surfaces form rather intramolecular ion channel
sensors. In such type of sensors, the interaction between host and guest control the
permeation of marker ions through the intramolecular cavity of polyamines. With
the increase of adenine nucleotides or ethene dicarboxylic acids concentration,
the decrease of peak currents and their shifts to the negative potentials were
observed. It appears that macrocyclic polyamines form on the surface of gold the
intramolecular channel type sensors sensitive towards anionic guests (18, 19).

The sensor for determination of dopamine is an example of intermolecular
ion channel sensor developed in our laboratory (20). Dopamine (DA) is one of
the most significant neurotransmitters because of its role in the functioning of
the cardiovascular, renal, hormonal, and central nervous system. The majority of
electrochemical sensors for dopamine determination exploit its ease of oxidation.
However, the oxidative approaches suffer from interferences caused by other
electroactive substances existing in the physiological samples. One of the main
interferences is ascorbic acid (AA). The concentration of DA is extremely low
(0.01-1 μM) while that of AA is as high as 0.1 mM in biological systems (21).
Moreover, at almost all electrodes materials, DA and AA are oxidized at nearly
the same potential, which results in overlapped voltammetric response. In order
to solve this problem, we decided to apply the different approach for the detection
of DA based on an intermolecular ion-channel mimetic sensor. In such type of
sensor the binding of analytes to receptors immobilized on electrode surfaces
facilitates or suppresses the access of an anionic (cationic) marker ion to the
modified surface due to electrostatic attraction or repulsion of the marker and/or
distortion of the modification layer arrangement. This leads to the changes of
the electron transfer rate between the marker and electrode surface through the
modification layer. This type of ion-channel sensor is a subject of numerous
scientific literatures (15, 16, 22–24).

It has been already reported that corrole derivatives form complexes with
dihydroxybenzene derivatives through a NH· · ·OH hydrogen bond (25). Thus,
this compound has been selected as a suitable receptor for dopamine.

Figure 1A illustrates the working principle of the sensor proposed. The
corrole host molecules have been covalently attached on the surface of gold
electrodes through Au-S bonds. In the measuring condition (pH 7.0), corrole
exists as an uncharged molecule (25). The monolayer created on the electrode
surface is quasi permeable for a redox marker existing in the aqueous solution.
Upon addition of dopamine, the corrole-DA complex is formed and the monolayer
gained the positive charge, which repealed the positive charged redox marker.
This leads to the decreasing of the electron transfer rate between the marker
and electrode surface through the modification layer. The electroanalytical
signals generated based on the corrole-DA complex formed at the electrode
surface were explored using Osteryoung square-wave voltammetry (OSWV) and
electrochemical impedance spectroscopy (EIS) in the presence of [Ru(NH3)6 ]+3
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as an electroactive marker, which does not interfere with the oxidation of the DA
or AA.

The proposed sensor is effective regarding the following parameters: very
good sensitivity toward DA (detection limit in 10-12 M range by using both EIS
and OSWV techniques), very good selectivity (human plasma components at
80-fold dilution have no influence on dopamine determination), simple, and
quick procedure of electrode preparation. Therefore, the gold electrodes modified
with mixed corrole-mercaptohexanol SAM work as intermolecular “ion-channel
mimetic sensors” in the presence of [Ru(NH3)6]Cl3 as the redox marker and could
be applied for the determination of dopamine in clinical analysis (20).

The similar working manner was applied for the sensor designed for
determination of acrylic acid in food samples based on gold electrode modified
with tetralactam (26).

The recent example of ion-channel mimetic sensor electrochemically
developed in our laboratories is genosensor with covalently attached HS-ss
DNA probe destined to detection of specific DNA sequence of avian influenza
virus H5N1 (27).The hybridization processes with target DNA was monitored
with OSWV in the presence of [Fe(CN)6]3-/4- redox probe. The genosensor
displayed good sensitivity, namely detection limits of 2.2 × 10-11 M and 2.4 ×
10-11 M for complementary 20-mer ssDNA and double stranded 181-bp DNA
containing 20 nucleotides complementary to the probe. This genosensor was
also able to discriminate different positions (at 3’-end, middle and 5’-end) of the
complementary part in the PCR products.

Electrochemical Sensors and Biosensors Incorporating
Nanoparticles

Nanotechnology has recently become one of the most exiting fields in
analytical chemistry.

A wide variety of nanomaterials, especially gold nanoparticles have been
applied in broad area (28). They allow increase in surface area of modified
electrodes. This leads to increase of biomolecules numbers in analytically active
layers and improving the sensitivity of analytical devices.

Nanoparticles (in the size range of 1-100 nm) exhibit unique chemical,
physical and electronic properties that are different from those of bulk materials,
and can be used to construct electrochemical sensors and biosensors with
improving sensing properties (28).

The most popular metal nanoparticles are colloidal gold (29–31) and gold
nanorods (32–35). The isotropic nature of spherical colloidal gold nanoparticles
prevents the selective binding ofmolecules on surfaces. In contrast, the anisotropic
features of Au nanorods allow their assembly in various orientations (35).

Both of them, having excellent conductivity and biocompatibility are widely
used in electrochemical sensors for analytical signal amplification (29, 31, 33,
36–40). The dynamic assembly and disassembly of double–strand DNA modified
Au nanorods at different temperature was a base of plasmonic circular dichroism
response towards ssDNA at nM level (41).

299

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

A
R

IZ
O

N
A

 o
n 

N
ov

em
be

r 
27

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

26
, 2

01
2 

| d
oi

: 1
0.

10
21

/b
k-

20
12

-1
11

2.
ch

01
1

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



The type of nanoparticles suitable electrochemical sensor design are carbon
nanotubes (42–44) and more recently graphene (6–8, 45, 46). The one of the
crucial role of carbon nanotubes, graphene and gold nanoparticles in senor or
biosensor construction is the enhancement of electron transfer from redox centers
to the electrode surface (8, 28).

The graphene is a flat monolayer of carbon atoms, tightly packed into a
two–dimensional (2D) honeycomb lattice (46). Whereas, single-walled carbon
nanotube (SWCNTs) can be interpreted as the graphene sheets rolled up to form
hollow tubes with diameters ranging between 0.4 and 2 nm (1D structure) (42).
The electronic properties of the tubes are strongly affected by both the rolling
angle of the graphene sheets and their final diameter.

These carbon nanostructures are both one atom thick, and their electronic
properties are extremely sensitive to adsorption of chemical species on their
surface. The carbohydrate - functionalized carbon nanotubes as well as graphene
could be employed for the rapid identification of bacteria in samples consisting of
water systems, soils, or human specimens (45). Multilayered graphene – Al2O3
nanopore sensors showed high sensitivity for detection of DNA and DNA-protein
complexes (47). Urea, clinically important analyte, was successfully detected
with ITO electrode functionalized with multilayered graphene (46).

The self-assembly of gold nanoparticles on single–walled carbon nanotubes
is the recent excellent example of complex nano-structure successfully applied for
sensing of different gasses (48).

Taking into account the properties of the gold, as well as carbon
nanostructures, we have applied them for fabrication of sensors and biosensors
working in ion-channel bio-mimetic mode.

Two main strategies were employed for receptor immobilization on the
nanoparticle surface: one is based on electrostatic interactions (Figure 3A) and
another one is based on covalent bonds between Au–S atoms (Figure 3B).

Figure 3. Schematic illustration of sensors based on nanoparticles. Receptor
immobilization : A - via electrostatic interactions; B - via covalent bonds. (see

color insert)
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One of the example of the application of colloidal gold particles is ion-channel
mimetic biosensor destined for the determination of association constant of β
amyloid with selected alkaloids (49, 50).

The main therapeutic strategy in Alzheimer’s disease relays on use the
inhibitors which should bind or stabilized the α-helical or early formed β-sheet
structures (51, 52).

The compounds used as the inhibitors of amyloidosis are: peptides (53),
antibodies (54), isoflavones (52), nicotine and its metabolites (51, 55), just to
name a few.

Using the electrochemical biosensor based on impedance spectroscopy
(EIS), the association constants of (−)cotinine and (−)nicotine ditartrate and
selected alkaloids with Aβ (1–40) peptide were determined (49, 50). Such attempt
mimics well the physiological processes occurring at the interface. The crucial
step of proposed method is the suitable immobilization of Aβ (1–40) peptide
on the electrode surface. It is known that, adsorption of proteins onto bulk
metal surfaces leads to their denaturation and loss of their bioactivity (56). The
additional modification of gold electrodes with colloidal gold nanoparticles is one
of the solution of the above problem. It has been recently reported that proteins
adsorbed onto colloidal Au retain their bioactivity (56, 57). In the work presented,
the gold electrodes were modified with Au nano-particles by self-assembly with
using 1,6-hexanedithiol as cross-linkers. So, the Aβ (1–40) peptide was adsorbed
directly on the surface of colloidal Au (Figure 3A). The interactions between
Aβ (1–40) peptide and with two potent drug molecules (−)nicotine ditartrate
and (−)cotinine (49) and selected alkaloids (50) were monitored with using
electrochemical impedance technique (EIS).

It might be concluded that the electrochemical impedance spectroscopy,
together with electrode modified with self-assembled layer of colloidal Au is
very suitable technique for screening the interactions between Aβ-peptides and
compounds, which could be applied as the potential drugs. This measuring
system is relatively simple in the comparison to other spectroscopic one and
allows to determine not only thermodynamic of the interfacial interactions, but
their kinetics as well (57).

The immunosensors incorporated antibodies as a sensitive element mainly
work according to mechanism of intramolecular ion-channel.

This type of biosensors are promising tools for detection of pathogens since
antibodies are natural receptors responsible for binding of antigens harmful for
the organism. Thus their binding selectivity and efficiency are naturally high.
The complex between antigen and specific antibody adsorbing on a surface of
an electrode forms an insulating layer. This phenomenon can be monitored by
electrochemical impedance spectroscopy (58).

In order to improve immunosensors sensitivity the colloidal gold and gold
nanorods were applied for their fabrication (59, 60) (Figure 3A). The successive
electrode modification steps: (1) 1,6-hexanedithiol SAM formation on the Au
electrode, (2) gold nanoparticles layer formation through Au-S covalent bonds,
(3) deposition of antibody, (4) blocking the remaining spaces on gold layer with
BSA, were controlled using CV and EIS.
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Both type of gold nanoparticles facilitate the electron transfer between the
redox marker and the electrode surface, and at the same time create the suitable
environment for biomolecule deposition assuring keeping their biological activity
(49, 50, 59, 60). The immobilization of antibody on the gold nanoparticle layer,
forming the insulating layer, decreased the accessibility of [Fe(CN)6 ]-3/-4. Further
decreasing of the faradaic current was observed upon immobilization of BSA onto
the remaining space on the gold layer.

The electron interfacial resistance increased linearly with increasing
concentration of specific antigen His6-rSPI2 in the range between 10pg/ml and
1 ng/ml. Immunosensors using gold nanorods showed 40% better analytical
response then this incorporating colloidal gold (59). Nanorods, unlike more
symmetrically shape nanoparticles have the ability to assemble aligned
configuration. This property make them suitable for electrochemical devices. The
immunosensors for His-tagged proteins determination were very selective. The
presence of culture medium has no influence on immunosensors performance
(59, 60).

The similar strategy was applied for the immunosensor fabrication destined
for determination of Plum pox virus virus PPV (61). The formation of specific
complex between antibody attached to the gold nanoparticles covalently attached
to the electrode surface and viruses present in the sample solution caused the
increase of interfacial electron transfer resistance dependent.

The quantitative assessment of sensitivity of PPV detection was performed
using EIS with a series of dilutions of purified virions. The virus was suspended
(and then diluted) either in 0.1 M PBS buffer pH 6.0, or in healthy plant (plum or
tobacco) leaf extracts. The immunosensor proposed is not sensitive to the matrix
of healthy leave extract. Only a very small increase of electron transfer resistance
was observed between the value recorded for the pure PBS buffer and the value
recorded for healthy plum leave extract (61). The immunosensor displayed very
good analytical parameters: a very low detection limit (10 pg PPV) and very good
dynamic range from 10 pg PPV/mL to 200 pg/mL.

The immunosensors based on electrochemical impedance spectroscopy
incorporating gold nanaoparticles are promising devices for fast, reliable and
simple PPV detection and His-tagged proteins control (59–61).

The determination of nucleic acid sequences humans, animals, bacteria and
viruses constitute the starting point to solve different problems such as: food and
water contamination caused by microorganisms, as well as detection of genetic
disorders. The electrochemical genosensors could be very interesting analytical
tools for solving these problems (27, 62).

Among DNA sensors, two main groups can be distinguished according to the
different protocols, based on labeling DNA target or using a label-free approach.
Regarding the first approach, common label used for hybridization detection can
be fluorescent dyes, redox active enzymes, magnetic particles or different kinds of
nanoparticles.

An indirect labeling scheme consist of the use of redox couple indicators such
as metal complexes in solution, which generate electrochemical analytical signal
(63).
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A polylysine/single-walled carbon nanotubes modified electrode was used for
the impedimetric detection of transgenic plants gene fragment with an estimated
detection limit around 0.1 pM (64). Bonanni et al. (65) employed screen-printed
electrodes modified with carboxyl functionalized multi-walled carbon nanotubes
as platforms for impedimetric genosensing of oligonucleotide sequences specific
for transgenic insect resistant Bt maize. Amino-modified DNA probe was
covalently immobilized by EDC-NHS chemistry. A similar platform, consisting
of carboxylic acid functionalized single-walled carbon nanotubes modified
graphite sensors was employed by Caliskan et al. (66) for electrochemical
monitoring of DNA hybridization related to specific sequence of Hepatitis B virus.
The presence of carbon nanotubes enhanced the electrochemical (voltammetric
and impedimetric) signals in comparison to bare graphite. A novel biosensing
platform was introduced by Nebel et al. (67) by combining a geometrically
controlled DNA bonding using vertically aligned diamond nano-wires, a superior
transducer material. Ultra-hard vertically aligned diamond nano-wires were
electrochemically modified to bond phenyl linker molecules to their tips which
provide mesospacing for DNA molecules on the transducer. Electro- and
bio-chemical sensor properties were investigated using cyclic and differential
pulse voltammetry as well as impedance spectroscopy with Fe(CN)63−/4− as
redox markers, which provided sensitivities of 2 pM on 3 mm2 sensor areas
and superior DNA bonding stability over 30 hybridization/denaturation cycles.
Yang et al. (68) deposited a poly-2,6-pyridinedicarboxylic acid film (PDC) on
a glassy carbon electrode (GCE). Then gold nanoparticles (NG) were added
to the platform to prepare NG/PDC/GCE. After that, the ssDNA probe was
immobilized on the NG/PDC/GCE by the interaction of NG with DNA. The
electron transfer resistance (Ret) of the electrode surface in [Fe(CN)6]3−/4− solution
increased after the immobilization of the DNA probe on the NG/PDC/GCE. The
hybridization of the DNA probe with cDNA made Ret increase further. The NG
modified on the PDC dramatically enhanced the immobilization amount of the
DNA probe and greatly improved the sensitivity of the label-free detection of
the sequence-specific DNA related to PAT gene in the transgenic plants with
detection limit of 2.4 × 10−11 mol L−1.

It might be concluded that the electrochemical sensors and biosensors
working according to ion channel mimetic mechanism which are relatively simple
measuring systems could be successfully applied as analytical devices with very
high sensitivity as well as selectivity.

The main advantages of ion -channel mimetic sensors are as follow:

• Offering capability of signal amplification
• Suitability for detecting large, hydrophilic ionic species that have

high charge number such as peptides, proteins, polysacharides,
oligonucleotides as well as uncharged molecules

• Unique signal transduction - gating of the immobilized receptor
membrane’s permeability to redox marker ions in response to charged
and uncharged analytes
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• Signal transduction does not have to be changed or tailored for each
analyte–receptor combination, in contrast with many conventional
chemical or biosensors

• Permeability changes for redox markers are the only means for signal
transduction for ion-channel sensors

• Incorporation of nanoparticles for ion-channel mimetic sensors improve
their sensitivity

Electrochemical Sensors and Biosensors Based on Redox Active
Monolayers

One of the most popular techniques to create well-defined functional surfaces
of electrodes for their future application in electrochemical sensors and biosensors
is formation of self-assembled monolayers (SAMs) based on the covalent
interactions of thiols, disulfides, sulfides, and other related molecules with the
surfaces of noble metals, particularly gold, as well as platinum and mercury (69,
70). Electrodes with such way modified surface could be applied as a place of
intermolecular recognition process in ion channel type sensors. Despite of the
promising properties of SAMs, they also have some weak points. The most
important is the presence of pinholes and defects, which effect on the faradaic
response of blocking monolayers. In consequence, the ion channel type sensors
based on such surfaces could loss their sensitivity and selectivity. Attaching a
redox centers to SAMs is a possible solution of the above problem (70, 71). Such
prepared surface could play a double role as an analytically active element of
sensor as well as transducer. The possible way of electrode functionalization with
redox active receptors, via covalent Au-S bonds and via embedment strategy are
illustrated in Figure 4 A,B,C.

In electroactive monolayers, all redox centres could be located on the outer
surface of the SAM (Figure 4A, C) or could be buried into SAM (Figure 4B).
The different locations of redox centre might have influence on their properties.
Because of this, they display many advantages in comparison to monolayers
without redox centres:

• Close packing prevents motion of the redox centres toward the electrode,
toward a pinhole or a defect. Therefore, the faradaic current due to redox
reaction at (or near) pinholes and defects becomes a negligible component
of the total faradaic current.

• Because the electroactive centers are combined with the electrode
surface, the diffusion does not have any influence on cyclic voltammetric
responses. Thus, the double-layer correction for the surface
concentration versus the bulk concentration is not necessary.

On the other hand, the new double-layer effect becomes important due to
the changing oxidation state of the surface confined redox centres. Voltammetric
waves frequently deviate from the ideal behavior, depending on such factors as the
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dielectric constants of film and solution, the concentration of electroactive species,
supporting electrolyte composition and the film thickness (70, 71).

Figure 4. Schematic illustration of redox active centers location in SAM
deposited on the electrode surface: A - outer, B - inner, C - using embedment

method. (see color insert)

The distortions caused by double-layer effects are less significant when
the distances between redox active units are greater and when the electrolyte
concentration is high. Thus, the formation of mixed SAMs with a relatively low
concentration of redox sites and working in concentrated electrolyte is highly
recommended.

We have developed the method for creation of electroactive monolayers based
on the two step complexation reaction of Cu(II) performing on the surface of a gold
substrate, previously modified with dipyrromethene derivative (72, 73).

As the example of transition metal ions, Cu(II) was selected. The
obtained electroactive SAMs were characterized by wettability contact angle
measurements, cyclic voltammetry, and atomic force microscopy.

The better reversibility of the redox processes proceeding on the electrode
surface was observed for dipyrromentene SAMs with the Cu(II) redox centers
located closer to the electrode surface. On the other hand, the electron
transfer rate constants were very similar for both systems studied, 0.74
± 0.21 and 0.44 ± 0.15 s−1 for dodecanethiol-dipyrromethene SAM and
ethanethiol–dipyrromethene–Cu(II), respectively.

This indicates that the electron transfer rate constant depends not only on the
distance of the redox centers from the electrode surface but also on the presence
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of hetero atoms such as nitrogen or oxygen. Their presence changed the dielectric
properties of the system.

The proposed method of formation of electroactive SAMs might be useful for
derivatization of gold surfaces with functional groups such as COOH, NH2, or OH.

The possibility of the attachment of biomolecules to dipyrromethene−Cu(II)
SAMs with controlled orientation offers an excellent framework for the study
of interactions occurring in interfacial environments between biomolecules of
the type protein−protein, protein−hormone, or ssDNA−drugs. Having surface
confined Cu(II) centres, the system proposed might respond toward interfacial
molecular recognition events without the redox markers in the solution. This is
particularly beneficial, because some of them might cause the loss of biomolecule
activity. By performing the transition metal coordination on the electrode surface
by dipyrromethene derivatives, many electroactive monolayers could be designed
and used to define paths of electron transfer into and out of the biomolecules.
They could work also as the transducing layer of biosensors for exploring the
interfacial molecular recognition processes. This research is currently in progress
in our laboratory

One example of application of electroactive SAM with Cu(II)-
dipyrromethene concerns the determination of paracetamol, a common analgesic
and antipyretic drug. The Cu(II)-dipyrromethene molecules were immobilized
on gold electrode surfaces, previously modified with a dodecanethiol monolayer
via hydrophobic and van der Waals interactions (embedment technique) (Figure
4C) (74).

The dipyrromethene complex with Cu(II), selected as a host molecule for
voltammetric sensor for paracetamol determination shows the reduction/oxidation
peaks within the potential windows in which the paracetamol molecules
remain electrochemically inactive. To our knowledge, this is the first report
on paracetamol voltammetric sensors based on host–guest recognition and
electroactive layer which plays a role of transducer.

The interaction between dipyrromethene-Cu(II) and paracetamol changed
the redox properties of Cu(II) centers in quantitative relation with paracetamol
concentration in human plasma.

Fe(III)-porphyrin was selected by us for determination of L-histidine (75).
This host molecule, immobilized on the surface of Au electrode by the embedment
method, (Figure 4C) played also transducer role.

Taking into account the simply way of preparation, low detection of 4.9×10-10
M limit and wide dynamic range, the sensor based on Fe(III)-porphyrin is superior
to those already reported. The proposedmechanism of the recognition between the
porphyrin host and L-histidine guest molecules might be associated to the Fe(III)
centre coordination ability. It is well known that iron porphyrins display a selective
affinity towards imidasol group in histidine due to strong coordination ability of
Fe(III) centre to nitrogen atoms (76).

The idea working principle of sensors based on monolayers incorporated
redox centres is illustrated in Figure 5. The mechanism of electrochemical signal
generation by biosensor based on redox active SAM upon stimulation of specific
analyte is not fully understood.
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The recognition reaction might cause a change in microenvironment
surrounding the receptor molecule, which influences the double layer structure
(77). The model and potential distribution of the electroactive film was provided
by Ohtani (78, 79). In the algorithm to compute the voltammetric responses of
quasi-reversible system for a surface-tethered redox species, the double layer
effect on the electron transfer kinetics and ion-pair formation between surface
confined redox species and electrolyte ions were considered. The effect of the
position of the redox centres immobilized onto electrode surfaces, as well as the
effect of the ions present in the electrolyte on the thermodynamics of redox active
monolayers were reported by Rawe and Creager (80, 81). They discovered that
the distance of ferrocene units from the electrode surface as well as the presence
of different anions in the basic electrolyte strongly influence the voltammetric
response of redox active monolayer.

Figure 5. Working principle of sensor based on electroactive SAM. (see color
insert)

A decrease in peak current of the Ni(II)-phenanthroline complex deposited
onto glassy carbon electrode was observed after interactions with dsDNA
(82). The authors concluded that binding of dsDNA to the redox active
Ni(II)-phenantroline significantly blocked the electron transfer process. A similar
phenomenon was observed for a system consisting of dipyrromethene-Cu(II)
complex deposited on the surface of a gold electrode used for exploring the
interactions between His-Tagged V domain of Receptor for Advanced Glycation
End Products (RAGE) and Aβ peptide (83).
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The main advantages of electrochemical sensors and biosensors based on
redox active monolayers are as follow:

• No need of using redox marker in the sample solution.
• Lack of influence of pinholes in the monolayers carring the receptors on

sensors performance
• Redox active centers can simultaneously act as host as well as a

transducer of electrochemical signals generated upon analyte recognition

The incorporation of gold as well as carbon nanoparticles into fabrication of
sensors and biosensors based on redox active monolayers might be very beneficial.
Their presence facilitating the electron transfer from redox centers to the electrode
surfacemight improve sensors performance (1, 8, 84, 85). There is still much room
for scientific research and application of nanostructures. This strategy is currently
developing also in our laboratories.

The transition metals complexex with porphyrines, dipyromethenes,
terpyrydines deposited onto gold nanoparticles as well as carbon nanostructures
such as single-walled carbon nanorods and graphene, will be applied for proper
receptor proteins and ssDNA probe immobilization. The biosensors prepared
in such way will be tested for sensing of target analytes important for medical
diagnosis as well as for environmental monitoring.

Conclusions

The twomain types of electrochemical sensors: based on ion-channel mimetic
mode and based on redox active layers were presented.

The main advantage of ion-channel mimetic sensors, apart from high
sensitivity and selectivity, is the possibility for application in the investigations of
recognition processes occurring at the water/solid interface. It is very important
from biological as well as medical point of view. The main disadvantage of this
type of sensors, in particularly from analytical point of view, is the necessity
of using the redox markers in the solutions, which may have toxic effect on
biomolecules tested.

The electrochemical sensors based on redox active layer are relatively new
direction in sensing devices development. Their main advantage is the lack of the
necessity of using the external redox marker. The application of redox centres in
sensor giving very interesting possibilities. They can simultaneously act as host
molecules and as well as transducers.

The incorporation of nanoparticles into ion-channel mimetic sensors and also
in sensors based on redox active monolayers improve their analytical parameters,
in particular sensitivity.

It might be concluded that they are relatively cheap analytical tools suitable
from medical diagnosis and environment and food quality control.
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Chapter 12

Nanoparticles and Nanostructured Materials
Used in Modification of Electrode Surfaces

Mikołaj Donten and Zbigniew Stojek*

University of Warsaw, Faculty of Chemistry, 1 Pasteura Str.,
02-093 Warsaw, Poland

*E-mail: stojek@chem.uw.edu.pl

A variety of substances and materials either nanostructured or in
the form of nanoparticles are used to modify electrode surfaces.
These include metals, alloys, inorganic substances polymers
and composites. Nanostructured materials speed up electrode
processes and allow intelligent ingineering of the sensing layers
on the surface of electrodes. As a result new possibilities appear
in analysis, bioanalysis and bioelectrochemistry.

Introduction

Probably, nanoparticles were present on the surfaces of electrodes already
in the early years of electrochemistry. Processes of precipitation, deposition and
passivation could involve the formation of nanocrystals. For example the platinum
electrodes were intentionally covered with platinum black what led to improved
performance of the electrode towards the hydrogen ion reduction reaction. Their
role could not be identified well and it was rather impossible to demonstrate their
existence. The appearance of scanning and transmitting electron microscopies
and scanning tunneling- and atomic force microscopies allowed the detection and
characterization of nanoparticles. Regarding the electrodes, all substances that are
placed, on purpose, on the surface of an electrode can be in the nano state, or have
a nano size, and then can influence the electrode process, including the electron
transfer rate.

© 2012 American Chemical Society
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There are several reasons for placing nanoparticles and nanostructured
materials on electrode surfaces. This type of electrode modification should result
in some new properties of the surfaces. The first aim of introducing nanoparticles
is just an expansion of the true electrode-surface area. This may result in an
increase in the capacitive- and surface faradaic currents. Another aim behind the
modification of electrode surface with nanoparticles is such decoration of the
electrode that the proper attachment of macro-, supra- and biomolecules will be
successful. Next goal may be related to a need of achieving an electrocatalytic
effect. It is clear that nanoparticles will have the Fermi level different from that
of the regular size crystals, and the energy bands will differ too. The electrode
processes may become faster and this may lead to the enhancement of the current
signal and better resolution in the case of several analytes. Finally, due to many
possible shapes, sometimes unusual, of nanocrystallites and often many faces at a
particular crystallite, the spatial freedom and orientation of the molecules attached
to the nanocrystals is increased. It is also good to realize that for the modification
of an electrode with nanoparticles of particular catalytical material a much less
amount of the material is needed, which lowers the cost of the electrode. The
nanoparticles used for the purpose of modification of electrodes can be assigned
to several material groups: metals, metal alloys, carbon nanotubes and graphene,
other inorganic compounds (including oxides, salts and core-shell objects) and
composites including hybrid materials with biomolecules. Several review papers
addressed the electrochemistry with nanoparticles (1–4).

Metallic Nanoparticles

Such nanoparticles are prepared just from noble metals and their salts.
Gold, platinum, silver, iridium and palladium are most often used. Other metals,
especially more active ones are rarely employed. Somewhat equivalent to the
direct use of nanoparticles is the formation of various asperities on the surface.
Often a bare metal electrode is modified with its nanoparticles, which leads to the
systems like: Pt/Pt black, Pt/Pt nanoparticles, Au/Au nanoparticles, etc. Gold and
platinum is mostly used for increasing the rate of many oxidation reactions e.g.
oxidation of methanol and ethanol. However, the reduction processes are also
affected by the presence of nanoparticles on the electrode surface, e.g. hydrogen
evolution and reduction of oxygen.

A way of modification of electrode surfaces with metallic nanoparticles is
either placing a drop of liquid containing nanoparticles on the electrode surface
and evaporation of the solvent, or the electrodeposition of metals through the
electroreduction of the metal ions. In the first case the nanoparticles used
are usually already modified to avoid their possible agglomeration during the
modification procedure. In the second way the nanoparticles with clean surfaces,
without adsorbates on them, are obtained. Here are example publications on the
use of electrodes modified with metallic nanoparticles (5–19).

A good example of how gold nanoparticles can be used for better distribution
and ordering of probe DNA strands in the DNA sensor has been described in (20).
In that paper a way of modification of crystalline gold surface with a high quality
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layer of gold nanoparticles (Au NPs) via self-assembled dithiol was presented.
The addition of an Au NPs monolayer was tested with three types of biosensors
differing in the construction and the detection method and described earlier in
the literature. The modyfication of just one of the sensors is shown in Figure
1. An important finding was that that the necessary condition for a successful
preparation of a perfect Au NPs monolayer is the preparation temperature of 4 °C.
The preparations done at higher than 4 °C temperatures led to poor repeatability
and therefore unsatisfactory precision of the results. It appeared that the addition
of a perfect monolayer of Au NPs resulted in lowering of the detection limits (by
circa 10 to 100 times) for all three examined DNA biosensors.

Figure 1. A scheme of the entire procedure of preparation of selected DNA
sensor with added gold-nanoparticle layer (red spheres). HDT stands for hexane
dithiol. (Reproduced with permission from reference (20). Copyright 2010 John

Wiley & Sons.)

Another application of Au nanoparticles which allowed appropriate
distribution of the active centers at the sensor surface for immobilization of
hairpin DNA probes is illustrated in paper (21). The preparation of the electrode
and the formation of graphene/AuNP nanocomposite on a screen-printed carbon
electrode involved just one-step electrochemical reduction of a mixture of
graphene oxide and HAuCl4. Using the appropriate enzyme the target DNA
strand was recycled and that allowed the amplification of the EIS detection signal.
The amplification strategy for sensitive and label-free determination of DNA
is illustrated in Figure 2. The hairpin DNA probes were self-assembled on the
modified electrode, the unued surface was blocked with 6-mercapto-1-hexanol,
and then the target DNA together with Exo III were added. The target DNA
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hybridized with the hairpin probe and a double stranded DNA was formed. The
task of Exo III was to specifically cleave the open, hybridized hairpin DNA and
to release the target DNA. Exo III was inactive to single stranded DNA. Finally,
after the enzymatic cleavage of the probe DNA, the released target DNA could
hybridize again with unused hairpin DNA strands. This action could be repeated
till hairpin DNA existed on the surface. Finally, a small amount of target DNA
could efficiently remove a substantial percentage of hairpin DNA probes. This
resulted in a substantial change in the particular electrode property: the electron
transfer resistance, which could be monitored by employing electrochemical
impedance spectroscopy. The decrease in electron transfer resistance was well
related to the quantity of the target DNA in the analysed samples.

Figure 2. Illustration of the enzyme-assisted recycling of target (green strands)
for amplified detection of DNA with a graphene/AuNP modified electrode using
electrochemical impedance spectroscopy. (Reproduced with permission from

reference (21). Copyright 2010 RSC.)

An interesting example of using Au nanocrystals in the detection of bioactive
molecules was proposed by M. Maltez-da Costa et al. (13). Apparently, the
formation of a modifying layer with nanoparticles on the electrode surface can
lead to the detection of specific species present in the analyzed solution. The
authors have shown how to detect and quantitatively determine human IgG by
employing the effect of decreasing the overpotential of the hydrogen evolution
in the presence of gold NPs. In this particular case, gold NPs were combined
with the molecules that can recognize IgG, and after their immobilization on the
surface of the electrode they produced an increased current of hydrogen evolution
proportionally to the amount of gold (and lgG) in the modifying layer. The scheme
of the modification process and its consequences are shown in Figure 3.
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Figure 3. Modification of magnetic beads (MB) with specific antibodies
modified with biotin (αHIgG-B), followed by immobilization of HIgG and
of gold nanoparticles conjugated with secondary specific HIgG antibodies.
The imposition of a magnetic field leads to accumulation of immunomagnetic
sandwich on the electrode surface. (Reproduced with permission from reference

(13). Copyright 2010 Elsevier.)

Carbon Nanostructured Materials

Carbon nanotubes were very extensively used as the material that increases
substantially the electrochemical activity of the surfaces (4, 22, 23). Recently,
graphene becomes more and more popular in decoration of electrode surfaces
(24–26). The carbon nanostructures present alone in the modifying layer are
already very active due to their developed surface and specific structure. The
application of nanotubes led to a better resolution of the peaks and lower detection
limits in the analytical methods based on voltammetry. Both nanotubes and
graphene are very good platforms for immobilization of other nanoparticles and
biomacromolecules such as enzymes, DNA and proteins. Extensive overviews
on grapheme and carbon nanotubes are given in (23, 24)

Metal-Compound- and Alloy Nanoparticles

Oxides of transition metals often exhibit semiconductor properties. These
properties may be modified by decreasing the size of the crystals to that of
nanoparticles. The nanocrystallites are usually anchored at bulk (often also
nanostructured) inorganic materials or ordered layers, e.g. on nanotubes,
nanorods and nanopore substances. The oxide nanoparticles are most often
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used to construct the electrodes for biocells, photogalvanic cells, fuel cells and
supercapacitors (27–30).

For example, inorganic nanoparticles such as RuSe, PtSn and PtRu appeared
to be good catalysts for the processes that proceed in fuel cells. A variety of
materials, including tungsten and molybdenum oxides, were found useful as the
support or matrix for these nanoparticles. (31–35).

Tungsten trioxide helped in raising the electroreduction of oxygen at RuSe
nanoparticles; the quantity of unwanted hydrogen peroxide dropped by 50 %.
The production of H2O2 in the process of electroreduction of oxygen is a very
unwanted result. Also, the potential of oxygen electroreduction moved towards
the thermodynamic potential, which gave a chance of limiting the quantity of
platinum as the catalyst of that process. RuSe appeared to be able to reduce
selectively oxygen in the presence of a fuel (methanol and etanol). PtSn and PtRh
nanoparticles embedded in thin layers of WO3 and MoO3 were found suitable for
the effective electrooxidation of ethanol in the fuel cell.

There is a hope that some enzymes, e.g. laccase, can be employed in the
electroreducion of oxygen in the fuel cells. It has already been demonstrated
that laccase can be embedded into carbon multiwalled nanotube layers, and in
the presence of ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid),
an effective mediator, can work as a good biocatalyst for the oxygen reduction,
see for example (36). The composition of the modifying layer guaranteed good
conductivity of the electrode and promising biocatalytic activity at pH 5.

Core−Shell Materials

The shell component may substantially change the properties of the pure
material due to the influence of the core location and structure. As a result they
may exhibit interesting catalytic properties. Also, the outer layer may be added
to protect the core material. For example, iron nanoparticles with supermagnetic
properties have been chemically protected by a carbon layer. In the paper (37) an
effect of strong enhancement of the voltammetric peak height, at a glassy carbon
electrode modified with iron nanoparticles, of paramagnetic ferrocene derivative
was described. This effect was a result of cooperation of external magnetic field
and iron nanoparticles. Iron was completely coated by carbon. No iron oxide
was present in the nanoparticles. The coverage of the surface was stable in time.
The carbon shells were believed to help in achieving a good adhesion of the
nanoparticles to the GC surface. They also prevented the corrosion of the iron
core. The use of Fe/C nanoparticles resulted in an increase in the voltammetric
peak current of the paramagnetic ferroceneacetate anion by approximately 30
%. The additional use of an external magnetic field together with the electrode
polarization apparently led to the reorganization of the nanoparticle layer, and the
voltammetric current increased up to 165 % compared to that obtained with the
bare electrode. This is illustrated in Figure 4. This experimental setup should be
analytically useful in the detection and the determination of biomolecules with
paramagnetic centers.
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Figure 4. Effect of 3.4 mT (34 Gs) magnetic field on cyclic voltammograms of
0.02 mM Fc-CH2COONa in 0.1 M aqueous NaClO4 solutions at: (a) bare GC
electrode, (b) bare GC electrode with magnetic field, (c) GC electrode modified
with C-Fe Nps, (d) GC electrode modified with C-Fe Nps and with magnetic field
(1st scan) and (e,f) GC electrode modified with C-Fe Nps and with magnetic

field (next scans). Insets: dependence of increase in current caused by magnetic
field vs. concentration of Fc-CH2COONa (top); scheme of electrochemical cell
with magnetic field (bottom). Experimental conditions: scan rate 100 mV/s, GC
electrode modified by C-Fe Nps (θ = 3 mm), T = 22 °C. (Adapted with permission

from reference (37). Copyright 2012 Elsevier.)

Composites

Mixtures of nanoparticles and various materials including polymers are more
frequently suggested recently. The appropriate combination and composition
of nanoparticles offers particularly good chances for improvement of the
electrochemical processes. Under these conditions the nanoparticles used together
can enhance their activities. Some nanostructured materials can be strongly
adhered to the electrode surface and in this way make the entire composite layer
more robust. They can also improve the electric conductivity and allow the
preparation of relatively thicker layers. This is particularly important for the
layers that work on the cell electrodes, where bigger currents flow and the time of
work is expected to be as long as possible.

319

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
N

ov
em

be
r 

27
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 N
ov

em
be

r 
26

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
2.

ch
01

2

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Figure 5. Differential pulse voltammograms (DPV) of mixture 50 μM DA + 1 mM
AA in PBS of pH 6.0 obtained with: bare (a), graphene (b) and graphene–AuNPs
(c) modified GC electrodes. Scan rate: 100 mV s-1. (Adapted with permission

from reference (25). Copyright 2012 RSC.)

A number of biologically important compounds, including drugs as e,g,
paracetamol, or acetaminophen, are electroactive and therefore can be monitored
by an electrochemical method, however, when they are present in a mixture,
which often happens, the problem with sufficiently good resolution of the signals
appears. An enhancement of the electron transfer rate (the processes are usually
not very fast) may correct the voltammetric peak potentials, decrease the peak
width and finally improve the resolution. A good example of such application of
nanoparticles is the modification of glassy carbon electrode with a graphene–Au
nanoparticle composite film. Li et al. (25) proposed it to selectively detect
dopamine (DA) in the presence of ascorbic acid (AA) by a voltammetric method.
It appeared that compared to just bare- and graphene modified electrodes, the
electrode modified with the nanocomposite not only significantly improved the
difference between the electrochemical peak potentials of DA and AA, but also
significantly increased the current response. While the increase in current may
be partially caused by the increase in the electrode surface area by graphene,
the better separation of the peaks must be a result of electrocatalytic action of
gold nanoparticles. The constructed sensor gave a wide linear calibration range
(5–1000 μM) and a low detection limit (1.86 μM). The improvement in the
detection is shown in Figure 5.
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Figure 6. Scheme of the dip-in polymerization method. Substrate: 0.5 mm in
diameter graphite rod. Time of immersing in organic solution: 3 min. Time
of immersing in aqueous solution of oxidant: 15 - 60 min. Reproduced with
permission from reference (40). Copyright 2008 American Chemical Society.

The modification of the electrode surface with metal nanoparticles can be also
done using a layer of composite consisting of a conductive polymer and metal
nanocrystals. In this case the easiest way of formation of the modifying layer is
the physical attachment of the conductive polymer-metal nanoparticle film (38,
39). A more advanced method that guaranties a uniform, well attached coverage
of the electrode surface is a method based on the interphase electroless deposition
of a polymer film decorated with nanostructured gold, as was proposed by Gniadek
et al (40). In this method the formation of thin layers of the composite material
was done by using the interphase polymerization driven by a transport-controlled
redox reaction. In the first step a graphite rod was covered by a thin layer of
monomer solution. Then the monomer present in the layer was oxidized by the
appropriate metal cation. This reaction led to the formation of the polymer and the
metal nanoparticles. The modification procedure is illustrated in Figure 6.
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The obtained films were 0.2-1 μm thick, consisted of gold nanoparticles
distributed in polypyrrole (PPy) (up to 13.5 at. %), and were strongly adhered
to the substrate surface. The layers were uniform. Different carbon and metallic
materials and also nonconductive materials can be potentially used as the substrate
for the working electrodes. The first step in the synthesis was deposition of an
organic layer on the substrate. This was followed by dipping the substrate in an
aqueous solution containing an oxidizer and finally by appropriate washing and
drying the composite film.

Another way leading to the formation of compact and tightly covered
electrode by a metal polymer composite film is based on the electroplating
procedure described by Rapecki et al. (41). In that paper the authors described
the formation of a PPy–Au nanoparticle composite on the graphite surface by
using the pulse electrodeposition. A solution containing a gold salt and the
monomer was prepared for that purpose. To determine the potential ranges of
gold electrodeposition and PPy film electroformation the cyclic voltammetric
technique was used. The voltammograms allowed also the optimization of the
conditions of the composite electrosynthesis. Two peaks that were assigned to the
reduction of the Au(I) cyanide complex and the oxidation of pyrrole appeared at
-1.5 and 0.7 V, vs. Ag/AgCl, respectively. By changing the pulse-deposition time,
the potential waveform and concentrations of the reagents the desired composition
and uniformity of the composites at the graphite surface were obtained. The
described method allowed the deposition of a layer of the PPy–Au composite of
any percentage, including pure gold and pure polymer.

Figure 7. At nanoparticle terraces, oxygen reduction reaction (ORR) dominates,
while at active sites involving surface steps MOR is enhanced. Reproduced with
permission from reference (18). Copyright 2010 American Chemical Society.
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Structure of Nanoparticles versus Their Activity

Nanostructured materials including metal nanoparticles exhibit enhanced
chemical and electrochemical activity. This depends on the orientation of the
atoms on the surface. For the surfaces with higher atom density (terraces 111) the
reactions of smaller molecules is favored. Bigger molecules, including alcohols,
require less dense packed planes. The extraordinary property of nanocrystals
towards oxidation of bigger molecules is generated by the presence of centers
of odd crystallographic structures on their surfaces. In particular, the increase
in the electrocatalytic activity of metal nanocrystals, compared to bulk material,
is believed to be a consequence of occurring odd crystallographic orientations
typical for steps between terraces. This phenomenon was well discussed and
illustrated for methanol oxidation reaction (MOR) by S.W.Lee et al. (18). In
fact, these statements correlate well with the conclusions on the role of asperities
present at the surface of polycrystalline metallic materials (42, 43).

Generally when the ratio of the surface area of the material to its volume
increases, what is typical for nanostructured materials, the electrocatalytic activity
increases. Figure 7 illustrates the existence of places of different activity on a Pt
nanoparticle.

In summary, this chapter briefly reports on the progress achieved recently
in nanostructured materials applied in sensory films and points to the role of
nanoparticles in improving biosensors’ efficiency. The text includes several
examples of metal, semiconductor and alloy nanoparticles and their influence on
the electron transfer and general performance of various biosensors. Selected
designs of nanoparticle-modified sensors are discussed in detail and their
applications in bioanalysis and nanomedicine are emphasized.
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Chapter 13

Manipulation of the Electronic Properties of
Gold and Silver Core−Shell Nanoparticles

Derrick M. Mott* and Shinya Maenosono

Japan Advanced Institute of Science and Technology,
School of Materials Science, 1-1 Asahidai, Nomi,

Ishikawa 923-1292, Japan
*E-mail: derrickm@jaist.ac.jp

Plasmonic nanoparticles, primarily composed of gold and silver
are some of the most promising candidates for bio-molecular
sensors and probes. The ability to extract the enhanced
properties for these materials relies solely on the ability to
control the particle size, shape, structure or composition. While
much effort has gone into creating and understanding the
resulting properties for gold and silver based nanoparticles,
there is still a challenge to overcome in achieving optimized
probes which are robust, have high plasmonic activity and
possess a strong surface reactivity with a wide range of
bio-molecules. The hybridization of particle properties in
multi-component nanoparticles offers a powerful route towards
achieving this goal. Core@shell nanoparticles composed of
silver and gold display a wealth of enhanced sensing properties,
yet suffer from two primary drawbacks. The sensitivity of
silver to the galvanic replacement reaction and rapid oxidation
in the presence of biological levels of salt effectively limits
the ability to control the characteristics of these probes either
through synthetic technique or in practical use. New studies
however have emerged that reveal an enhanced stability for
silver when it is coated as a shell onto gold particles. The
enhanced resistance of the silver at an interfacial layer in the
Au@Ag structure is revealed to arise as a result of a unique
electronic transfer phenomenon, which ultimately causes the
silver layer to become electron rich, leading to enhanced
stability. The finding creates a new avenue for controlling the

© 2012 American Chemical Society
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plasmonic and stability properties for not only gold and silver
core@shell nanoparticles for bio-molecular diagnostics, but
also for a host of other nanomaterials that can benefit through
multicomponent designs.

Introduction

Nanotechnology is driven by the desire to discover materials with new,
unique and technologically beneficial properties that can be used in advanced
applications. Our knowledge in the field has come a long way in a short time, yet
there is still much we don’t understand about how to control the specific novel
properties, which arise as a function of the particle characteristics such as size,
shape, composition, structure, surface properties, etc. Gold (Au) and Silver (Ag)
Nanoparticles (NPs) are some of the oldest known examples and have received
the most attention in terms of synthetic refinement and elucidation of the resulting
nanoscale properties. Yet there are still important discoveries being made that
provide insight on how to more finely control these novel properties, which
can be applied to a broad range of NP systems. Much of the knowledge being
gained in this area today includes techniques for manipulating the NP structure
or composition in multicomponent type NPs (1, 2). Au and Ag core@shell NPs
are a classic example that offers enhanced, synergistic or multi-functionality in
a single particle probe (3, 4). As a result, a wide range of core@shell structures
with varying parameters have been synthesized with the target of controlling the
optical, reactivity and stability properties (5–7).

This class of NP is considered very promising for use in molecular sensing
and bio-diagnostics applications where the unique plasmonic properties of the
particles serve as a sensitive route to detecting minute traces of analyte or target
molecule (8–19). Ideally speaking, Ag@Au NPs are considered optimal for these
applications because the Ag core would supply enhanced plasmonic properties
(high extinction coefficient) while a Au shell would impart bio-molecular
reactivity (via sulfur reactivity with the Au surface) as well as chemical stability
against aggregation and oxidation (5, 8–12, 20–24). The ability to obtain this
structure however, is elusive because of the relatively higher reduction potential
for Au over Ag, resulting in the galvanic replacement reaction (6, 7, 25–29). The
end result is typically quasi-core@shell particles that have imperfections such as
gaps or holes in the Au shell, alloying, or even complete removal of the Ag core
(5–7, 25–27, 30–32). The inverse structure (i.e. Au@Ag) is also interesting, but
has traditionally not been considered feasible as a sensing probe because of the
exposure of Ag to the outside environment, leading to surface oxidation and/or
NP aggregation. However, it has recently been shown that careful control of the
structure in Au@Ag NPs leads to the observation of enhanced properties for the
Ag in terms of resisting oxidation and the galvanic replacement reaction (28,
33–35). The observation is unexpected because many researchers have probed
the properties for this NP structure without observing the enhanced stability (36).
The key to the observation is to control the thickness of the Ag shell in a range
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where a unique electronic transfer from the Au core to the Ag shell can take place
(34, 35). Such a finding is of note not only because of the potential implications
to the development of plasmonic sensors, but also because the phenomenon
can be applied to other multicomponent NP systems, for example in catalysis,
magnetics and thermoelectrics applications, among many others (28, 35). The
complete understanding of the recently discovered charge transfer phenomenon
in Au@Ag NPs has the potential to lead to a new class of NPs with unique and
novel properties and will provide the necessary insight to develop new and unique
materials that are composed of abundant and non-toxic elements for future high
technology applications.

This chapter discusses the recent findings and advancements in understanding
and manipulating the plasmonic properties of the Au/Ag NP system towards
highly sensitive bio-molecular probes. The discovery of the electronic transfer
effect through analysis of both Ag@Au and Au@Ag type NPs reveals effective
techniques to enhance the chemical stability as well as the plasmonic properties.
First, a general background on the characteristics of Ag, Au, Ag@Au, Au@Ag
and Au@Ag@Au NPs, which will be used as a basis for studying the electronic
transfer and stability properties is presented. Next, Mie Theory is used to
inspect the optical properties of the Ag@Au NPs, revealing subtle structural
characteristics in these probes, which has implications to the plasmonic
properties. This is followed by the inspection of the electronic properties of
the Au@Ag NPs primarily through XPS and XANES techniques, revealing
the origins of the electronic transfer phenomenon. The unique electronic
properties are then revealed to result in improved particle stability in terms of
susceptibility to oxidation. Finally, an assessment of the resulting enhanced
plasmonic sensing properties is discussed. The results are presented in terms of
particle characteristics, material characterization, understanding of the electronic
properties and manipulation of those properties to create Au@Ag NPs with
uniform structures and enhanced resistance to oxidation towards effective
bio-molecular probes.

Gold and Silver Core@Shell Nanoparticles

Before delving into the in-depth enhanced properties displayed by Au and Ag
core@shell NPs, the general morphology and optical properties of the NPs used
throughout this discussion are presented. All of the NPs included in this work
are prepared in aqueous phase from soluble metal salts using well established
techniques (5, 27, 28, 33, 35). These approaches offer the ability to control the
resulting NP properties such as particle size, shape, composition, or structure.
While the specific techniques used to synthesize the NPs are not detailed here,
the following section illustrates the typical particle qualities including the NP
morphology, size, dispersity and general optical properties.
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Characteristics of Ag NPs

Two types of Ag NPs suspended in water are used in this study. These
particles were used to study the stability of monometallic Ag NPs, and were
also used as core NPs for the further deposition of Au in later experiments to
create Ag@Au NPs. The acrylate capped Ag NPs offer high NP size and shape
uniformity, which has historically been challenging to achieve with an aqueous
synthetic technique. The Ag NPs synthesized with citrate offers relatively larger
sized NPs at the expense of particle size and shape uniformity.

Figure 1. TEM images and UV-Vis spectra of as-synthesized Ag NPs capped with
acrylate (A,B) and citrate (C,D). (Adapted with permission from references (33)
and (35). Copyright 2012 IOP Publishing, Copyright 2011 American Institute

of Physics.)

330

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

A
R

IZ
O

N
A

 o
n 

N
ov

em
be

r 
27

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

26
, 2

01
2 

| d
oi

: 1
0.

10
21

/b
k-

20
12

-1
11

2.
ch

01
3

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Acrylate-Capped Ag NPs

The ability to synthesize Ag NPs with controllable characteristics such as
size, shape and surface properties is still elusive, especially for sensing and bio-
diagnostics applications which call for mono-dispersed hydrophilic NPs (37, 38).
These hydrophilic Ag NPs are noteworthy for enhanced mono-dispersity in the
20 nm size range (5). Figure 1A shows a TEM image of the Ag NPs capped by
acrylate. The particle size distribution is 20.5 ± 3.3 nm. The UV-Vis spectrum in
Figure 1B shows an SPR band maximum at 402 nm, consistent for Ag NPs (5).

Citrate-Capped Ag NPs

Ag NPs synthesized with citrate allows relatively larger sized NPs to be
obtained (33). Figure 1C shows the TEM image of the NPs illustrating the general
morphology. In general the particles have a spherical morphology with a minor
fraction of nanorods incorporated, the particle size distribution is 39.4 ± 6.5 nm.
Figure 1D shows the UV-Vis spectrum for the as-synthesized NPs with the SPR
maximum occurring at 403 nm.

Characteristics of Au NPs

Two different sizes of Au NPs were prepared using the basic citrate reduction
technique (39–43). These relatively small and large NPs were prepared for two
different purposes, the small NPs (~13 nm diameter) are primarily used as cores
for the further coating with Ag to create core@shell NPs while the larger Au NPs
(~43 nm diameter) are used for comparison of the plasmonic properties of the
larger Ag and core@shell NPs.

14 nm Au NPs

Au NPs were synthesized by the well-established citrate reduction method to
be used as cores for the further formation of Au@AgNPs (39–43). The AuNPs are
a deep-red color with a SPR band at 518 nm. Figure 2 shows the representative
TEM and UV-Vis spectrum for the particles. The particles have a uniform and
spherical morphology with a mean diameter of 14.2 ± 0.7 nm (35).

43 nm Au NPs

For the synthesis of relatively larger Au NPs, a modified citrate reduction
technique is followed where less capping/reducing agent is used (33). Figure 2
shows the TEM and UV-Vis spectrum collected for these Au NPs, illustrating
the general morphology and optical properties. In general the particles have a
spherical morphology with a particle size distribution of 43.1 ± 4.3 nm. The SPR
maximum occurs at 525 nm, consistent for Au NPs (33).
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Figure 2. TEM images and UV-Vis spectra of both 14 nm (A,B) and 43 nm (C,D)
Au NPs capped with citrate. (Adapted from references (33) and (35). Copyright

2012 IOP Publishing, Copyright 2011 American Institute of Physics.)

Characteristics of Ag@Au NPs

The effort to achieve the ideal Ag@Au NP structure has been highly elusive.
Many studies have probed synthetic techniques including both organic and
aqueous solvent based wet chemical methods, with mixed results. The galvanic
replacement reaction causes a competition in the reduction of Au with the
oxidation of the Ag core during typical deposition procedures. Careful control of
the synthetic parameters in these reactions has led to the creation of quasi Ag@Au
NPs with non-uniform structures such as NPs with partially hollow interiors,
limited alloy formation, or non-continuous Au shells (5, 12, 20, 21).
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Acrylate-Capped Ag@Au NPs

The acrylate capped Ag@Au NPs are used as a platform to study the resulting
plasmonic and structural properties for this class of nanomaterial (5). Table I
lists the metallic feeding ratio, resulting NP size as determined by TEM and
composition determined from EDS and XPS. The primary difference between the
EDS and XPS techniques is that EDS reveals the composition individual NPs,
while for XPS a relatively large irradiation area results in simultaneous analysis
of many particles at the same time.

Table I. Metallic feeding ratio, TEM determined size and EDS/XPS
determined compositions for Ag@Au NP samples. Source: Reproduced
with permission from reference (27). Copyright 2011 The Japan Society of

Applied Physics

Metallic Feeding Ratio TEM Size (nm) EDS XPS

Ag95Au5 17.5 ± 3.7 Ag93.0Au7.0 Ag94.8Au5.2

Ag85Au15 16.3 ± 2.7 Ag60.6Au39.4 Ag57.7Au42.3

Ag75Au25 17.5 ± 5.1 Ag50.8Au49.2 Ag60.6Au39.4

Figure 3. UV-Vis spectra for as-synthesized Ag NPs (black spectrum), 5% Au
atomic feeding ratio (red), 15% Au atomic feeding ratio (blue) and 25% Au
atomic feeding ratio (green). TEM images of Ag@Au NPs with atomic feeding
ratio of 5% Au (A), 15% Au (B), and 25% Au (C). Photographs of the Ag and
Ag@Au NPs with increasing shell thickness from left to right. (Adapted from
reference (27). Copyright 2011 The Japan Society of Applied Physics.) (see

color insert)
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UV-Vis spectra, TEM images and photographs of the Ag@AuNP dispersions
are shown in Figure 3. In general, all of the NP samples display uniform
morphological properties with discrete particle size distributions. However, for
the Ag@Au NPs synthesized with an atomic feeding ratio of 15% Au, many
particles appear to have a light spot on the particle surface. These lighter colored
spots arise from the formation of an incomplete Au shell on the Ag particle
surface, a gap or hole in the Au shell occurring as a result of the galvanic
replacement reaction (6, 7). The NPs synthesized with 25% feeding ratio of
Au have more highly accentuated light centers with darker outsides, likely
representing partially hollow areas in the particle center. The UV-Vis spectra and
particle photographs reveal an evolution in the plasmonic properties for the NPs
as the amount of Au is increased in each sample. In general, the SPR band is
slightly dampened in intensity for a feeding ratio of 5% Au. For a feeding ratio of
15% Au, the peak is significantly dampened and shifted to higher frequency with
a new peak around 600 nm emerging for Au. Finally for a feeding ratio of 25%
Au, the Ag component of the SPR is completely extinguished and only a broad
peak is observed from the Au component.

Figure 4. TEM image (A) and UV-Vis spectrum (B) of as-synthesized Ag@Au
NPs capped in citrate with relatively larger size. (Adapted from reference (33).

Copyright 2011 American Institute of Physics.)

Citrate-Capped Ag@Au NPs

The as-synthesized citrate-capped Ag NPs were used as core particles in the
preparation of relatively larger sized Ag@Au NPs (33). Figure 4 shows the TEM
image and UV-Vis absorption spectra of the as-synthesized Ag@Au NPs. The
SPR peak wavelength occurs at 423 nm with a single non-symmetrical shape
observed between that for Ag and Au indicating the coating of Au onto the Ag
NPs. The TEM image shows that the NPs have a roughly spherical morphology
(a minor fraction of nanorods forms in the Ag NP synthesis but the occurrence is
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too low to significantly impact the optical properties). In addition, slightly darker
rings outside the lighter spherical centers are observed which likely indicates
the operation of the galvanic replacement reaction (5). The mean size and size
distribution is 43.9 ± 7.9 nm for these NPs.

Characteristics of Au@Ag NPs

The as-synthesized citrate-capped Au NPs were used as core particles (seeds)
in the preparation of Au@Ag core@shell NPs (28, 35). TEM images collected for
five different Ag shell thicknesses obtained, including 0.4 ± 0.3, 1.0 ± 0.6, 2.2 ±
0.4, 3.1 ± 0.4 and 3.6 ± 0.4 nm are shown in Figure 5 along with the UV-Vis spectra
and photographs of the NP dispersions. Table II shows the tabulated particle
size parameters. The Ag shell thickness is expressed in the subscript hereafter
(Au@Agx; x denotes the Ag shell thickness). These Au@Ag NPs are highly
monodisperse in terms of size and shape in comparison to Ag NPs synthesized
by comparable reduction methods, illustrating an important benefit of using Au
NPs as seeds. In the UV-Vis spectra of the Au@Ag core@shell NPs, when x is
increased, the SPR band gradually became blue-shifted, with the SPR peak of Ag
eventually becoming dominant. The Au@Ag3.6 NPs show a single LSPR band at
390 nm, which stems from the dominant plasmon resonance of the Ag shells. The
appearance of a monomodal LSPR band corresponding to Ag indicates that the Au
cores are uniformly covered by the Ag shell and the optical contribution from the
Au cores becomes completely screened (44–46).

Characteristics of Au@Ag@Au Double Shell NPs

This section describes the general properties of Au@Ag@Au double shell
NPs. These NPs display a well-defined heterostructure that consists of a Au core,
Ag intermediate shell and an outer second shell of Au. The uniform particle
morphologies and structures arise as a result of the suppression of galvanic
replacement though electronic transfer in the Au-Ag system, which is discussed
in later sections.

Characteristics of Au@Ag3.6@Au0.11 NPs

TEM, UV-Visible spectra, STEM-HAADF, and elemental mapping studies
shown in Figure 6 illustrate the well-defined structure of these NPs. The TEM
image shows that the Au@Ag3.6@Au0.11 double shell NPs are more uniform in
size and shape when compared to typical Ag@Au NPs (47). Moreover, they have
no observable gaps or defects in the particle structure. The UV-Visible spectra
shown for Ag, Au@Ag3.6 and the Au@Ag3.6@Au0.11 NPs demonstrate how the
optical properties evolve as the NP structure becomes more complex. As Ag is
coated onto the Au NPs, the LSPR bandmaxima shifts to lower wavenumbers than
that for pure Ag NPs and also becomes broadened at higher wavenumber values.
When these Au@Ag3.6 NPs are further coated with the second Au shell, the peak
again shifts towards higher wavenumbers and retains the broadened spectral shape.
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Figure 5. UV-Vis spectra for as-synthesized Au@Agx NPs with varying Ag
shell thickness, the arrows represent the dampening of the Au SPR band with a
concurrent increase in the SPR band intensity for Ag as the Ag shell thickness is
increased. TEM images for Au@Agx NPs synthesized with increasing Ag shell
thickness of 0.4 (A), 1.0 (B), 2.2 (C), 3.1 (D) and 3.6 (E) nm. The inset to the

figure shows a photograph of the Au, and Au@Agx NPs. (Adapted from reference
(28). Copyright 2011 American Institute of Physics.) (see color insert)

One of the most frequent questions raised about such core@shell and
heterostructured NPs is “how do you confirm the integrity of the structure?”.
In general, the structural properties can be visualized by using STEM-HAADF
and EDS elemental mapping techniques. The STEM-HAADF image of the
Au@Ag3.6@Au0.11 double shell NPs displays high Z contrast, which allows
elements with sufficiently different molecular weight to be differentiated in the
image. Since the heavier Au atoms (atomic number, Z = 79) give rise to a brighter
image than the lighter Ag atoms (Z = 47) in the dark field image, the Au core
appears brighter than the Ag first shell. The visualization of a very thin and bright
layer on the particle surface in the STEM-HAADF image indicates that a thin
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continuous Au second shell was successfully formed on the Au@Ag3.6 NPs. The
EDS mapping result also similarly indicates the positions of Au and Ag in the
particle structure graphically. These two techniques give clear evidence that the
resulting NPs have a discrete double shell structure.

Figure 6. TEM image of Au@Ag3.6@Au0.11 (A), UV-Visible spectra for Ag (black
curve), Au@Ag3.6 (red curve) and Au@Ag3.6@Au0.11 (blue curve) (B), and

STEM-HAADF (C) and EDS elemental mapping images for Au M map (D), Ag
L map (E) and an overlay of the Au and Ag maps (F). (Adapted from reference

(28). Copyright 2011 American Institute of Physics.) (see color insert)

Characteristics of Au@Ag3.9@Au1.2 NPs

Similar to the double shell NPs that have a thin Au second shell, these
particles display a clearly defined thick Au second shell. Figure 7 shows the TEM,
UV-Visible spectra, STEM-HAADF, and elemental mapping analysis, which
illustrates the well-defined structure. The particles retain the uniform spherical
morphology and structure, even though the second Au shell is now much thicker.
UV-Visible spectra of Ag and the Au@Ag3.9@Au1.2 NPs show that the double
shell NPs possess a LSPR band in nearly the same position as that for the Ag NPs
with some peak broadening and asymmetry in the wavelength range for Au NPs.
The STEM-HAADF and EDS elemental mapping studies also similarly confirm
the well-defined heterostructured nature of the particles.
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Table II. Mean diameter and shell thicknesses of Au@Agx and double shell
NPs. Source: Reproduced with permission from reference (28). Copyright

2011 American Institute of Physics

Type of NPs x (nm) y (nm) D (nm)

Au − − 14.4 ± 0.7

Au@Ag0.4 0.4 ± 0.3 − 15.2 ± 0.7

Au@Ag1.0 1.0 ± 0.6 − 16.4 ± 1.2

Au@Ag2.2 2.2 ± 0.4 − 18.8 ± 0.8

Au@Ag3.1 3.1 ± 0.4 − 20.6 ± 1.2

Au@Ag3.6 3.6 ± 0.4 − 21.6 ± 0.9

Au@Ag3.6@Au0.11 3.6 ± 0.4 0.11 21.8 ± 1.2

Au@Ag3.9@Au1.2 3.9 ± 0.7 1.2 23.0 ± 1.9

x: Ag first shell thickness, y: Au second shell thickness.

Figure 7. TEM image (A) of Au@Ag3.9@Au1.2 NPs, UV-Visible spectra for Ag
(black curve) and Au@Ag3.9@Au1.2 NPs (blue curve) (B), and STEM-HAADF
(C) and EDS elemental mapping images for Au L map (D), Ag L map (E) and
an overlay of the Au and Ag maps (F). (Adapted from reference (28). Copyright

2011 American Institute of Physics.) (see color insert)
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The Role of Galvanic Replacement Reaction in Ag@Au NP Synthesis

The galvanic replacement reaction is driven by the difference in the
electrochemical potential between the two metals, with one serving as the cathode
and the other as the anode. In terms of synthesizing Ag@Au NPs, the reduction
potential of AuCl4−/Au (0.99 V vs. SHE) is more positive than that of AgCl/Ag
(0.22 V vs. SHE) (48). This causes the Ag NPs to serve as sacrificial templates
and be oxidized by HAuCl4 through Equation 1. The reaction typically occurs at a
high-energy site (e.g., surface step, point defect, or hole in the capping layer) (49)
rather than over the entire NP surface, causing the typical non-uniform structures
that are observed. In the case that Au@Ag NPs are used as cores, however, the Ag
shells have been demonstrated to have a higher electron density than pure Ag NPs
due to electron transfer from the Au core to the Ag shell (28, 34). The electron
rich Ag shell results in a negative oxidation state, Agδ−, leading to effective
suppression of the galvanic replacement reaction. Many other researchers have
studied multishell NP Au/Ag systems using aqueous preparation techniques (36).
In these approaches however, the deposited intermediate Ag shell thickness is
much too large to display the electronic transfer properties, which still leads to
the formation of hollow structures with partial alloying when the second Au shell
is deposited. In the studies presented here, the intermediate Ag shell thickness is
limited to a range where the charge transfer phenomenon takes place, allowing
the ability to create Au@Ag@Au NPs without significant alloying or defects in
the structure (28).

Mie Modeling of the Plasmonic Properties of Ag@Au NPs

Ag@Au core@shell NPs have been highly sought because of the expected
enhanced plasmonic and reactivity properties, however, even for samples that
seem to have a uniform structure, the optical properties do not always behave
predictably. Mie Theory is a useful tool that can serve to clarify the resulting
expected optical properties for this class of NP, enhancing the understanding of
the particle structure and plasmonic properties relationship. An important factor
that must be considered is the parameters used in the calculation, which can have a
large impact in themodeled results. The calculations here are based onMie Theory
for nanosized metallic spheres placed in water (dielectric constant = 1.77) (27). In
the theory, the metallic dielectric function ε(ω) = 1−ωp2/ω(ω+iγ) for the sphere is
incorporated, where ωp is the plasmon frequency depending on the specific metal.
This approach differs from other well established modeling efforts in that the
dielectric constant of the materials is expressed by the Drude Model as opposed to
calculated from bulk materials using Energy Electron Loss Spectroscopy (EELS)
(44–46). The Drude Model offers an alternate approximation of the dielectric
constants for nanoscale particles and provides an alternate expression of the optical
properties for Ag@Au NPs (27). The Mie Model results give insight into how the
complex structure of core@shell NPs affects the optical properties.
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Figure 8. UV-Visible spectra calculated using Mie theory for alloy AuAg NPs
(A), and Ag@Au NPs with the Model I (B) Model II (C), and Model III (D)

structures. The insets to the figure represent the NP model used in the calculation
where the grey color represents Ag, yellow indicates Au and white indicates a
void space. (Adapted with permission from reference (27). Copyright 2011 The

Japan Society of Applied Physics.) (see color insert)

Mie Study of Ag@Au NP Optical Properties

Four fundamentally different types of NP structure were studied with Mie.
Figure 8 shows the Models as well as the particle structural parameters used in the
calculation. In general, the optical properties of a AuAg alloy, a perfect Ag@Au
structure (Model 1), Ag@Au with a void space between Ag and Au (Model 2),
and a Ag@Au structure with a void space in the center of the NP (Model 3) were
studied. When comparing the modeled results of the alloy to the perfect Ag@Au
structure (Figure 8A and B), the LSPR spectral shape is nearly identical. A single
asymmetric peak is observed that shifts in position as a function of the composition
(27). This demonstrates how challenging it can be to differentiate between alloys
and core@shell structures based solely on the optical properties. For the imperfect
core@shell structures however, the optical properties are vastly different. Now the
Model 2 spectra in Figure 8C show two primary peaks with the feature in the range
of ~400-500 nm attributed to the Ag core while the component at ~650-900 nm is
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attributed to the Au shell. The Model 3 spectra in Figure 8D show a single broad
feature in the range of ~500-700 nm, depending on the NP composition. The low
intensity peaks observed at ~200-300 nm arise in the calculation due to the inner
surface resonances of Au, or the interface resonance of Au and Ag, but are not
practically observable in the real particle structure, so are not diagnostic.

Figure 9. UV-Visible spectra for the three different types of Ag@Au NPs
synthesized along with the corresponding best fit spectra calculated using Mie
theory for atomic feeding ratio of 5% Au and Model I (A), atomic feeding ratio
of 15% Au and Model II (B), and atomic feeding ratio of 25% Au and Model
III (C), respectively. Solid lines represent experimentally collected data while
dashed lines are for Mie Modeling. (Adapted with permission from reference
(27). Copyright 2011 The Japan Society of Applied Physics.) (see color insert)

Correlation of Mie Study to Acrylate-Capped Ag@Au NP Optical Properties

The variation in the spectral shape allows a diagnostic comparison between
experimentally collected spectra for acrylate capped Ag@Au NPs and the Mie
theory calculated spectra. By qualitatively matching the two types of spectra, fine
structural details in the NPs can be identified. Figure 9 shows the UV-Vis spectra
for three different compositions of acrylate capped Ag@Au NPs along with the
closest matching UV-Vis spectrum calculated using Mie theory. The insets to
the figure show the corresponding practical particle structure as well as a TEM
image for an individual Ag@Au NP exhibiting the structure. For the Ag@Au
NPs synthesized with atomic feeding ratio of 5% Au (Figure 9A), Model 1 with

341

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

A
R

IZ
O

N
A

 o
n 

N
ov

em
be

r 
27

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

26
, 2

01
2 

| d
oi

: 1
0.

10
21

/b
k-

20
12

-1
11

2.
ch

01
3

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



parameters of R1=0.7 and R2=1 shows the best fit, which reflects a very thin and
perhaps non-continuous Au shell. For the Ag@Au NPs with atomic feeding ratio
of 15% Au (Figure 9B), Model 2 with parameters of R1=0.3, R2=0.45, and R3=1
provides the best fit. This reflects the fact that some particles display gaps in the Au
coating, exposing the inner Ag, causing two peaks to be observed in the UV-Vis
spectrum. Finally for the Ag@Au NPs with atomic feeding ratio of 25% Au in
Figure 9C, Model 3 with parameters of R1=0.6, R2=0.8, and R3=1 shows the best
fit. This reflects the action of Au etching away some of the Ag core leaving a void
space within the particle, with Au eventually forming a continuous shell over the
remaining core material. Note that while the spectra do show significant deviation,
it is the spectral features that the qualitative fitting is based on.

The results of the Mie study illustrate the challenges associated with trying
to achieve Ag@Au NPs by coating aqueous Au onto metallic Ag cores. Namely,
the galvanic replacement reaction consistently causes NPs that have structural
imperfections, such as gaps in the Au shell, or void spaces within the particle
interior. These particles may still be core@shell in nature, but the structural
imperfections negatively impact the particle properties such as LSPR peak shape,
or, as will be discussed later, susceptibility to oxidation. Understanding the optical
properties for these structurally imperfect NPs allows the ability to distinguish
between perfect core@shell structures and those with imperfections.

Electronic Properties of Au@Ag NPs

In essence, the charge compensation mechanism in core@shell NPs is
based on the Au-Ag alloy system where a depletion of d electrons at the Au site
accompanied by an increase in d electrons at the Ag site is observed (50, 51). In
addition, a study on the Ag-Pt system where Ag adatoms were vapor-deposited
onto a Pt(111) surface was found to increase d electron populations (52). These
early studies served as a basis for probing the electronic properties in the
Au@Ag NP system where the small size regime of the particle components
allows the charge transfer phenomenon to be operable. The electronic and
chemical properties of the Ag component in Au@Ag NPs could be tuned by
taking advantage of this charge compensation mechanism. By increasing the
electron density within the Ag shell, a negative Ag oxidation state would be
achieved which could suppress the galvanic replacement reaction at the Ag shell
surface and increase stability against oxidation. In order to probe the theory, the
electronic properties of Au@Ag NPs were studied using both XPS and XANES
analysis techniques. The results of these studies provide insight into the electronic
structure of the Au@Ag NP system.

XPS Analysis of the Electronic Properties for Au@Ag NPs

The electronic properties for the citrate capped Au@Agx and
Au@Ag3.6@Au0.11 NPs was studied using XPS. Figure 10 shows the XPS spectra
taken in both the Ag3d and Au4f areas along with expanded views of the Ag3d5/2
and Au4f7/2 peaks. The Ag component of the spectra gives a sensitive assessment
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of the electronic properties for the NPs. The Ag3d5/2 peak displayed multiple
components that were isolated by deconvolution using two Gaussian functions
as shown in Figure 10B. For the monometallic Ag NPs, both a monometallic
component (blue line) as well as a significant oxide peak (red dashed line) were
identified. However, for the Au@Agx NPs, no oxide peak is observed. Instead,
a minor alloy component (indicated by the red lines) is observed. This alloy
component forms at the interface of Au and Ag in the NP structure and can never
be completely eliminated (28). These observations provide indirect evidence of
the electronic transfer effect because no oxide is seen for the Au@Agx NPs. The
electronic transfer effect is essentially protecting these NPs from oxidation. In
addition, the deconvoluted pure Ag component of the peak is shifted towards
lower binding energy when compared to monometallic Ag, which is discussed
in the next section. While the spectra of the Au4f component shown in Figure
10C is not as diagnostic as the Ag3d peak, an expanded view of the Au4f7/2
component reveals a subtle peak shift to higher binding energy as more Ag is
added to the NP surface. This peak shift is more easily visualized by the addition
of the vertical line in Figure 10D.

The direct impact of the NP structure on the electronic properties can be
observed in a plot of the Ag0 3d5/2 peak energy as a function of Ag shell thickness,
x as shown in Figure 11. All Au@Agx NPs exhibit a negative shift in the Ag0
3d5/2 BE compared to that of pure Ag NPs (368.26 eV). Moreover, the Ag0 3d5/2
BE increases toward the value of pure Ag NPs with increasing x when x ≥ 1.0
supporting the idea that the charge transfer is an interfacial phenomenon. The
deposition of the second Au shell onto the Ag surface again causes the reduction
of Ag0 3d5/2 BE indicating that further electron transfer between the Au second
shell and the Ag first shell occurs.

The XPS analysis on Au@Agx and Au@Ag3.6@Au0.11 NPs demonstrates that
the general electronic properties of the two metals are modified in the core@shell
structure and gives a basis for enhanced properties such has resistance to oxidation,
or the ability to deposit a second shell of Au. The XPS study provides a good
assessment of the electronic properties of Ag, but is less diagnostic for assessing
the properties of the Au component. In order to gain a more full understanding of
the properties of the Au in the core@shell structure, XANES analysis was used,
offering a more rigorous understanding of the electronic transfer phenomenon.

XANES Study on the Electronic Structure of Au@Ag and Au@Ag@Au NPs

XANES has been increasingly used to study the electronic properties for a
wide range of materials including NPs (53–60). The technique has been employed
to study the relationship between oxidation state and catalytic activity in catalysts
(61–63), redox behavior (64–66), and for following the formation mechanism of
metal NPs (67–69). In this section of the study on the electronic properties for
core@shell NPs, the L-edge XANES analysis provides critical information on
the charge transfer effect. In particular, the Au@Ag and Au@Ag@Au NPs are
revealed to possess a unique electronic configuration in the Au L2,3-edge XANES
spectra.
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Figure 10. XPS spectra of Ag, Au@Agx (x = 0.4, 1.0, 2.2 and 3.6), and
Au@Ag3.6@Au0.11 double shell NPs in the Ag3d (A) area with an expanded view
of the Ag3d5/2 component (B). XPS spectra in the Au4f area are shown in (C)
with an expanded view of the Au4f7/2 area (D). The deconvolution shown for the
Ag3d5/2 area corresponds to Ag0 (blue curves) and Ag−Au alloy (red curves) [or
Ag oxide (red dashed curve)] components. The blue line in (D) aids in visualizing
the subtle peak shift. (Adapted with permission from reference (28). Copyright

2011 American Institute of Physics.) (see color insert)
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Figure 11. Plot of the Ag3d5/2 Peak Energy for the Au@Agx and Au@Ag3.6@Au0.11
double shell NPs. (Adapted with permission from reference (28). Copyright

2011 American Institute of Physics.)

Figure 12. (A) Au L2-edge and (B) Au L3-edge XANES spectra of Au foil, Au NPs,
Au@Ag1.0 NPs and Au@Ag3.9@Au1.2 NPs. The insets show an expanded view.
(Adapted from reference (34). Copyright 2012 American Chemical Society.)

(see color insert)
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Table III. Derived parameters for the unoccupied d states. Source: Reproduced from reference (34). Copyright 2012 American
Chemical Society

Samples ΔA2
(eV·cm-1)

ΔA3
(eV·cm-1) Δh3/2 h3/2 Δh5/2 h5/2 Δh3/2+Δh5/2

Au foil 0 0 0 0.118 0 0.283 0

Au NPs 157.1 −148.5 6.3×10-3 0.124 −5.5×10-3 0.278 7.8×10-4

Au@Ag1.0 NPs 383.0 617.2 1.5×10-2 0.133 1.6×10-2 0.299 3.1×10-2

Au@Ag3.9@Au1.2 NPs 516.0 1340.6 2.1×10-2 0.139 3.7×10-2 0.320 5.7×10-2
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The citrate capped Au (13 nm), Au@Ag1.0 and Au@Ag3.9@Au1.2 NPs were
analyzed using the XANES technique. Figure 12 shows the XANES spectra in
the Au L2- and L3-edges for Au foil, Au, Au@Ag1.0 and Au@Ag3.9@Au1.2 NPs.
All spectra showed the same resonance patterns as that of Au metal. The Au foil
and Au NPs showed almost identical XANES spectra both in L2- and L3-edges,
but a gradual increase of the threshold resonance at the shoulder peak occurs in
the order Au NPs < Au@Ag1.0 < Au@Ag3.9@Au1.2 NPs in both L2- and L3-edges.
The increase in the White Line (WL) area in the L2- and L3- edge XANES spectra
can be attributed to a decrease in 5d electronic occupancy for Au (70).

The relevant parameters used to investigate the unoccupied d states are listed
in Table III (34). Small differences can be detected in the hole densities between
Au NPs and foil, but these are too small to be diagnostic. There is relatively no
electronic difference between them primarily because the Au NPs have a diameter
(14.4 nm) which is too large to exhibit size-dependent effects (71–74). However,
the values of both Δh3/2 and Δh5/2 (d-orbital vacancy) increased in the Au@Ag
core-shell NPs when compared to the Au NPs. From Au@Ag1.0 core-shell NPs to
the Au@Ag3.9@Au1.2 double-shell NPs, a further increase in both Δh3/2 and Δh5/2
was observed. This trend is a clear indication that the electron transfer from Au to
Ag takes place in the heterostructured NPs.

A visual representation of the change in both d-orbital vacancy (Δh3/2 + Δh5/2)
and energy shift of the Au 4f7/2 XPS peak is shown in Figure 13. In the cases of
Au@Ag1.0 and Au@Ag3.9@Au1.2 NPs, an increase in the total d-orbital vacancies
and a positive energy shift in the 4f7/2 peak are simultaneously observed. Both of
these values increase with increasing Ag-Au interfacial area. This observation,
in conjunction with the observation in the XPS analysis that a negative shift in
the Ag3d peak energy occurs for both Au@Ag1.0 and the Au@Ag3.9@Au1.2 NPs
when compared to bare Ag NPs (28) creates strong evidence for the electronic
transfer phenomenon. The collective results of XANES for Au and XPS for Au
and Ag demonstrate that a unique charge transfer from Au to Ag occurs through
the formation of the Au@Ag core-shell structure, which is further enhanced by Au
outer-shell formation. This phenomenon provides an avenue to tune the resulting
plasmonic and stability properties for Au/Ag structures through manipulation
of the electron density within the Ag shell (28). With the elucidation of the
mechanism to the electronic transfer, we next discuss the general qualities of the
enhanced plasmonic and stability properties.

Assessment of the NP Stability

In this section, the relative stability of the various NPs are studied when
exposed to a range of chloride containing electrolytes. The stability properties
of these NPs is discussed primarily in terms of oxidation because this plays a
key role in affecting the sensing properties. For example, the detection of many
biomolecules requires a salt concentration approaching that of biological levels,
which typically causes oxidation and/or aggregation of Ag containing NP sensing
probes. The relative stability of Ag@Au NPs is breifly appraised, followed by a
more in-depth look at the stability for the Au@Ag type NPs.
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Figure 13. Differences of the d-orbital vacancies from bulk Au and XPS energy
shift in the 4f7/2 peak from bulk Au. (Adapted from reference (34). Copyright

2012 American Chemical Society.)

Figure 14. TEM images for Ag NPs (A) exposed to NaCl (B), CaCl2 (C) and HCl
(D) after 24 hours when the Cl−/NP concentration ratio is 2.1×106. (Adapted

with permission from reference (35). Copyright 2012 IOP Publishing.)

Stability of Ag and Ag@Au NPs Exposed to Chloride Electrolytes

One of the expectations for core@shell NPs is an enhanced chemical stability
over pure Ag NPs. In demonstration of the severe susceptibility of Ag NPs to
oxidation, the acrylate capped Ag NPs were exposed to three different types of
chloride containing electrolytes. Figure 14 shows representative TEM images
obtained after 24 hours for adding NaCl (Figure 14A), CaCl2 (Figure 14B) and
HCl (Figure 14C) to the acrylate capped Ag NPs. The Cl−/NP concentration ratio
is fixed at 2.1×106 for each sample to standardize the relative amount of Cl− ions
available to react with Ag in each system. Each sample experienced oxidation as
evidenced by the appearance of large aggregates, larger particle sizes and overall
a loss of particle dispersity. In these cases, the Ag has been completely oxidized
and converted to AgCl through the oxidative etching process (35).
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The oxidative etching process for Ag NPs consists of three steps. First,
metallic Ag becomes oxidized in the presence of oxygen as illustrated in
Equation 2 (36, 44–46). Next, the Ag oxide reaches an equilibrium state with
the surrounding aqueous medium creating Ag and hydroxide ions as shown in
Equation 3 (44–46, 75). Finally, the Cl− ions in the system react with the Ag ions
to form insoluble AgCl, shown in Equation 4 (76). In this way, as long as there is
a sufficient supply of oxygen and Cl− ions, a sample of Ag NPs can be completely
oxidized, leading to AgCl.

Even though the Ag@Au NPs display imperfections in the structure, after
formation these NPs display features of the electron transfer phenomenon,
providing some protection from oxidation of the remaining Ag component.
Figure 15 shows TEM images of Ag@Au NPs taken before and 1 hour after
adding NaCl. The Ag@Au NPs retain the original morphology and structure
without severe aggregation or particle destruction (33). The Au@Ag NPs further
display this feature as discussed in the following section.

Figure 15. TEM images of Ag@Au NPs before (A) and 1 hour after (B) adding
NaCl. (Adapted with permission from reference (33). Copyright 2011 American

Institute of Physics.)

Stability of Au@Ag NPs Exposed to Chloride Electrolytes

The relative stability of the Au@Ag3.1 NPs was more rigorously tested by
exposing them to various chloride containing electrolytes, including NaCl, CaCl2
andHCl. TEM images for the Au@Ag3.1NPswere taken for these three conditions
as shown in Figure 16. In each case the Cl−/NP concentration ratio is fixed at
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2.1×106. For all samples the NPs maintained a spherical morphology. For NaCl
the NPs remain well despersed while for CaCl2 or HCl, the particles appear to
be partly aggregated, oftentimes forming chainlike structures. While the particle
morphology remained spherical, the mean particle size decreased for each sample.
For NaCl, the NP size decreased to 18.8 ± 1.6 nm (remaining Ag shell thickness
of 2.3 nm), CaCl2 showed a size of 16.1 ± 1.2 nm (remaining Ag shell thickness of
1.0 nm) while for HCl the particle size is about 15.6 ± 0.6 nm (remaining Ag shell
thickness of 0.7 nm). While a sufficient amount of chloride was used to completely
convert all of the Ag in the samples to AgCl (an order of magnitude more Cl− than
Ag), the particles retain a size greater than that of the Au core. The fact that the NP
size could not be reduced to approach that of the Au core suggests that oxidative
etching is increasingly inhibited as the Ag layer becomes thinner. One question
though is “what is the composition of the remaining surface layer of the Au@Ag
NPs?”. To address this, EDS elemental mapping is a useful tool, and was used to
study the relationship between NP composition and structure after exposure to the
electrolytes.

Figure 16. TEM images of Au@Ag NPs exposed to NaCl (A), CaCl2 (B) and HCl
(C) after 24 hours when the Cl−/NP concentration ratio is 2.1×106. The TEM
images are accompanied by STEM-HAADF images and EDS elemental maps for
Au M area, Ag L area, and an overlay of the Au and Ag maps for each sample.
(Adapted with permission from reference (35). Copyright 2012 IOP Publishing.)

(see color insert)

For each condition of exposing the Au@Ag3.1 NPs to the electrolytes (NaCl,
CaCl2 and HCl) STEM-HAADF and EDS elemental mapping were performed.
The corresponding images in this study are shown alongside the TEM images in
Figure 16. From left to right, the STEM-HAADF image, map of Au M area, Ag L
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area, and an overlay of the Au and Ag maps is shown. These images demonstrate
that in all three cases, the core@shell structure is retained after treatment with
the electrolyte as visualized by Au remaining at the NP center with a layer of Ag
observed at the NP surface. The maps did not reveal any significant presence of
chloride or oxygen at the NP surfaces (35). While each sample retains the Au@Ag
structure, there are subtle differences in the action of the electrolyte on the NPs. In
general, the Au@Ag NPs showed enhanced stability against oxidation, primarily
because the first step in the oxidative etching process (Equation 2) is suppressed
due to the electron transfer from the Au core to the Ag shell leading to a negative
oxidation state for Ag. For the case of NaCl, the NPs resisted both aggregation and
oxidative etching. For CaCl2 and HCl cases, the particles displayed aggregation
due to the de-protection of Au@Ag NP surfaces owing to the different effects of
cations, but still resisted oxidative etching of the Ag shell (35). In all cases the
Ag shell thickness was reduced after exposure to the different electrolytes, but
a critical shell thickness exists where further etching appears to be suppressed,
supporting the fact that the electron transfer effect is an interfacial phenomenon.

Stability of Au@Ag3.6@Au0.11 Double Shell NPs

Figure 17. TEM image of Au@Ag3.6@Au0.11 NPs after exposure to NaCl.
(Adapted with permission from reference (28). Copyright 2011 American

Institute of Physics.)

The stability of Au@Ag3.6@Au0.11 double shell NPs was assessed in the
presence of NaCl (0.5 M). In this case, the morphology was completely preserved
(Figure 17) as a result of both the more negative Ag oxidation state and the fact
that the Au second shell effectively protects the Ag first shell from contact with
Cl− ions. This suggests that the chemical stability of the Au@Ag3.6@Au0.11NPs is
extremely high even under severe conditions. Themean size of Au@Ag3.6@Au0.11
NPs before exposure to NaCl was 21.9 ± 1.2 nm as compared to 21.7 ± 1.6 nm 3
hours after exposure, indicating that the NPs are highly stable in the presence of
even very high levels of salt.
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Assessment of the Molecular Sensing Properties

In this section of the discussion, the basic sensing properties for the various
core@shell NPs is studied. These sensing properties are probed primarily using
the Raman analysis technique to identify well known reporter molecules, which
allows an indirect assessment of the plasmonic properties for these NPs. While the
NPs used in these studies have not been optimized in terms of particle size, shape
or structure for the analysis, they nevertheless illustrate the ability to manipulate
the particle parameters to achieve enhanced Raman activity (33).

The analysis relies on the assembly of the various NPs using two kinds of
Raman active molecular linker systems with different chemical properties. For
the first linker system, rhodamine 6G dye (R6G) is used, relying on electrostatic
interactions in the adsorption of the molecule to the NP surface. The second
linker system used is the thiol containing 3-amino-1,2,4-triazole-5-thiol (ATT),
which adsorbs to the NP surface via the sulfur functionality. Figure 18 shows
the structure of these two Raman active linker molecules. Both molecules lead to
spontaneous assembly of the different NP systems, which can be manipulated by
controlling the concentration of ionic electrolytes in the assembly solution. The
resulting aggregates exhibit Raman activity which is used to assess the general
sensing properties of the various NP probes.

Figure 18. Chemical structures of (A) R6G and (B) ATT.

Molecular Sensing Properties of 43 nm Citrate-Capped Ag@Au NPs

The 43 nm citrate capped Ag@Au NPs were assembled using both R6G
and ATT molecules. The processed samples were then analyzed using Raman
spectroscopy (33). Figure 19A shows the spectra collected when R6G is used to
assemble the NPs. Relatively strong peaks are observed at 1650 and 1357 cm−1

corresponding to the C-C stretching vibration of the benzene ring, along with
several other weaker bands. In this case the pure Ag NPs show the highest SERS
intensity by a large margin. However, when ATT is used to assemble the NPs, the
relative activity of the probes is different. Figure 19B shows the Raman spectra
collected when ATT is used to assemble the NPs. These SERS spectra show an
intense band at 1340 cm−1 along with weak bands occurring at 1080, 1257 and
1417 cm−1. In this case, the Ag and Ag@Au NPs show nearly identical Raman
activity (33). A more quantitative assessment of the Raman activity is achieved
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by calculating the enhancement factors for the various samples. In the case of
R6G, the enhancement factor for Ag NPs (4957) is almost 5 times higher than that
of Ag@Au NPs (1157). In the case of ATT the calculated enhancement factors
for Ag and Ag@Au NPs are 23.5 and 19.5, respectively. The results can be
explained based on the nature of the ligand interaction with the NP surfaces. R6G
interacts with the negatively charged NP surface primarily through electrostatic
interaction while for ATT the thiol component interacts directly with the NP metal
surface while simultaneously interacting with a neighboring NP electrostatically
to achieve the aggregation of NPs. Because of the beneficial strong interaction
of the thiol component in ATT with the Au surface, the Ag@Au NPs show a
relatively higher Raman activity as compared to when an electrostatic based
assembly molecule is used (33).

Figure 19. Raman spectra of NP assemblies created by using (A) R6G and (B)
ATT Raman active molecules. Black, blue and red curves represent the spectra of
Ag, Au and Ag@Au NP assemblies, respectively. (Adapted with permission from
reference (33). Copyright 2011 American Institute of Physics.) (see color insert)

Molecular Sensing Properties of Ag, Au@Agx and Au@Ag3.6@Au0.11 NPs

The enhanced electronic properties observed for the Au@Ag NP structure
make them intriguing as plasmonic probes for biomolecular sensing applications.
The sensing properties of these NP probes was tested in an experiment where Ag
and Au@Ag3.1NPs are exposed to NaCl (a Cl−/NP concentration ratio of 2.1×107)
and ATT (0.005 mM total ATT concentration, a large excess) (31). After 24 hours
of exposure the samples were analyzed using Raman spectroscopy (31). Five
different sample areas were inspected for the various assemblies. Figure 20 shows
the resulting Raman spectra collected for each sample. For the Ag NPs, a single
broad peak with varying intensity is observed centered at 1345 cm-1 while for the
Au@Ag3.1 NPs three distinct peaks with relatively uniform intensity are observed
at 1270, 1355 and 1420 cm-1. The Raman spectra collected for the Au@Ag3.1 NPs
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is characteristic for ATT laying flat on a metal surface through bidentate bonding
arising from the triazole ring vibrations (77, 78). Because of the tendency for Ag
NPs to be oxidized towards AgCl, the band observed at about 1345 cm-1 for the
Ag NP sample likely originates from ATT molecules weakly adsorbed onto AgCl
surfaces. If it is assumed that the bands observed at 1345 and 1355 cm-1 for Ag
and Au@Ag NPs respectively are characteristic for ATT, the standard deviation
associated with the intensity at the maxima of the peaks in each sample can be
assessed. For the Ag NP case the average intensity is 93 ± 38 counts/sec while
for the Au@Ag NPs the intensity is 207 ± 20 counts/sec. The Ag NPs show
an intensity deviation of about 41% while the Au@Ag NPs have a deviation of
only 10%. These results demonstrate that the Au@Ag NPs possess a reliable and
reproducible sensing capability in the presence of salt.

Figure 20. Raman spectra taken for Ag NPs (A) and Au@Ag NPs (B) exposed to
ATT and NaCl with a Cl−/NP concentration ratio of 2.1 × 107. (Reproduced with

permission from reference (35). Copyright 2012 IOP Publishing.)

The Raman activity of the Au@Agx and Au@Ag3.6@Au0.11 NPs was also
investigated using ATT (33). It was found that the SERS activity dramatically
increases with increasing x in the case of the Au@Agx NPs. Figure 21
shows the increasing Raman activity of the Au@Agx NPs as well as the
comparatively high activity of the Au@Ag3.6@Au0.11 NPs. The results illustrate
the effect of increasing the Ag content in the particles which possess a high
extinction coefficient and extremely high field enhancement. Moreover, the
Au@Ag3.6@Au0.11 NPs exhibited a SERS activity as high as that for Au@Ag3.6
NPs, indicating that the Au shell is operable in creating a strong reaction with the
reporter molecule through the thiol functionality.
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Figure 21. Raman spectra of Au@Agx (from bottom to top, x = 0.4, 1, 2.2, and
3.6 nm) and Au@Ag3.6@Au0.11 (red curve) NP assemblies created by using
ATT. (Adapted with permission from reference (28). Copyright 2011 American

Institute of Physics.) (see color insert)

Conclusions

Manipulation of the electronic structure in the Au and Ag NP system
has been revealed to offer an effective route to more precisely control the
resulting plasmonic and stability properties for this class of NP. Specifically,
the identification and utilization of the charge transfer phenomenon has allowed
the ability to create structurally flawless Au@Ag@Au NPs, impart enhanced
tolerance for oxidation and accentuate the Raman sensitivity in Au@Ag NPs,
which is remarkable because of exposure of the Ag component to the outside
reactive medium. These abilities are an essential step in more fully integrating
plasmonic NPs to widespread practical use, for example to detect malady or
disease, which will greatly benefit from the use of NP probes that are more
sensitive and robust. The electronic transfer effect also has the potential to
impact other NP systems. The observation of the electronic transfer phenomenon
in Au and Ag core@shell NPs is an important step in enhancing our ability to
manipulate the novel properties of NPs with a wide range of composition for a
wealth of different applications. As our understanding of the electronic transfer
nanoscale phenomena deepens, the ability to tailor or control individual and
specific NP properties will emerge. The electronic transfer phenomenon will be
one important tool for the future materials scientist in achieving that goal.
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Chapter 14

Silver Nanostructures: Properties, Synthesis,
and Biosensor Applications

Raghda El-Dessouky, Mariam Georges, and Hassan M. E. Azzazy*

Department of Chemistry and Yousef Jameel Science &
Technology Research Center, The American University in Cairo,

New Cairo, Egypt 11835
*E-mail: hazzazy@aucegypt.edu

Biosensor technology has recently been witnessing momentous
progress, thanks to the advent of nanoscience and especially
with the realization of the great role that noble metal
nanostructures can play as basic platforms. Nanosilver exhibits
superior optical properties as compared to other noble metals
and thus has attracted a great deal of interest in the sensors
arena. Remarkable results were reported which correlate
properties such as size, morphology, and composition of silver
nanostructures and their biosensing performance. This chapter
presents a comprehensive overview on silver nanostructures,
their optical properties, synthesis and utilization in biosensor
applications.

Introduction

Biosensor research aims at developing miniaturized, integrated systems
that can rapidly and inexpensively detect trace amounts of analyte(s) in minute
volumes with high sensitivity and specificity (1). Early detection of pathogens
and disease markers is essential for improving treatment efficiency and the
chances of full recovery, especially in cases of cancer or vicious infections such
as viral hepatitis and HIV. Therefore, the need for highly sensitive, specific and
efficient diagnostic systems is indispensable. The field of biosensors has been
revolutionized by the use of nanomaterials, which were proved to offer unique
properties and the potential of producing cheap and easy-to-handle biosensing
platforms. Such platforms can be used for multiplexing and point-of-care

© 2012 American Chemical Society
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testing with remarkable diagnostic performance and short turn-around times.
Silver is a relatively inexpensive noble metal; on the nanoscale, it was found
to exhibit superior properties (mainly of optical nature) over gold, which is the
most widely used noble metal in nanobioapplications (2). The utilization of
nanosliver-based platforms –either naked or conjugated with recognition probes-
as signal transduction elements for analyte detection in biosensors was shown to
improve the detection limits of existing biosensors and enhance their diagnostic
performance. In this chapter, a theoretical background on the main optical
properties of noble metal nanoparticles is presented, through which the superiority
of silver nanoparticles (AgNPs) as optical signal transducers is justified, followed
by an overview of their main synthetic methods and applications as remarkable
biosensor platforms.

Optical Properties of Silver Nanostructures

Surface Plasmon Resonance

A metal can be viewed as a pool of electrons (plasma) surrounding a lattice
of positive ions. The electrons of a metal occupy its valence band while the
conduction band is rather empty. As the interface between a metal nanostructure
and a dielectric (insulator) is irradiated with electromagnetic radiation, the
electrical field component of the radiation causes the quantized coherent
oscillation of the conduction band electrons (referred to as surface plasmons).
The charge separation associated with the displacement of the electronic cloud
from the heavier ionic core results in restoring forces that create an oscillating
dipole; the electrons are polarized in such a way so as to exclude the electric
field from the metal’s interior. When the frequency of the oscillating dipole
matches that of the incident radiation, ‘resonance’ occurs and the oscillating
dipole absorbs maximum energy. For a metal nanoparticle (MNP) that is smaller
than the wavelength of the incident radiation, this phenomenon is referred to as
localized surface plasmon resonance (LSPR) (3–8). An illustration of LSPR is
shown in Figure 1. The system of displaced electrons along with the restoring
field of the MNP can be qualitatively viewed as a simple harmonic oscillator.
Such representation means that the energy of the oscillating dipole is eventually
‘damped’ either by re-radiation (scattering) or by the formation of electron-hole
pairs, therefore limiting the amplitude of the LSPR and defining its spectral
bandwidth: the higher the damping, the broader the bandwidth (9).

LSPR is the cornerstone of the exquisite optical properties observed with
metals at the nanoscale. LSPR is associated with a great enhancement in the
metal’s optical cross-section, which explains the superior extinction properties
(absorption and scattering) ofMNPs. Moreover, LSPR intensifies the local electric
field creating ‘hot spots’ where spectroscopic signals such as Raman scattering and
luminescence signals are amplified (6, 10).

The LSPR spectral properties such as the main absorption peak (λmax), number
of peaks and bandwidth are functions of the nanoparticle’s size, morphology,
composition, the dielectric constant of its environment and interparticle separation
(3, 4, 10–12).
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Figure 1. Schematic of the plasmon oscillation for a spherical nanoparticle, the
electronic cloud is displaced away from the core nuclei at particular frequency.
Reproduced from reference (10). Copyright 2003 American Chemical Society.

Size Effects

For spherical metallic nanoparticles of dimensions much smaller than the
wavelength of the incident light (< 20 nm.), the electromagnetic field is capable
of homogeneously polarizing the whole nanoparticle: all the surface electrons can
‘sense’ the same phase of the incident electromagnetic wave and are polarized
simultaneously resulting in a pure dipole oscillator, which appears a single
sharp peak in the extinction spectrum. For nanoparticles of this size nature, the
extinction properties (the sum of absorption and scattering properties) can be
described accurately by the Mie formula:

According to Mie, the extinction coefficient σext is a function of the angular
frequency of the incident radiation ω, the wavelength-independent dielectric
constant of the surrounding medium εm, the speed of light c, the volume and
the number density of the nanoparticles: V and N respectively; and finally the
wavelength-dependent dielectric constant of the metal ε(ω) which reflects how its
electrons interact with light and its ability to support strong surface plasmons. The
metal dielectric constant ε(ω) is a complex function expressed in terms of ε1(ω)
and ε2(ω), which represent the real and the imaginary components of the function
respectively. It can be deduced from equation 1 that for the resonance condition
to be fulfilled (maximal extinction coefficient at the given wavelength), the

expression should approach zero; a condition that can
be made possible if ε1(ω) = -2εm and if ε2(ω) has a value close to zero. Only few
metals can achieve such criteria: mainly nanoparticles of gold and silver whose
resonance conditions are fulfilled at the visible portion of the electromagnetic
spectrum; gold nanoparticles of 20 nm in diameter appear red at a maximum
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extinction of ~530 nm while silver nanoparticles of the same size appear yellow
at ~400 nm (2–5). It is worth mentioning here, that the superiority of the optical
properties of silver over gold stems from the fact that its imaginary component
of the dielectric constant ε2(ω) is relatively small at the resonance wavelength as
compared to gold, rendering its LSPR particularly strong. The LSPR damping
can be described by a physical parameter called the quality factor (Q), which is
expressed by the following equation:

w represents the resonance frequency of the exciting radiation. Q defines the
sharpness of the resonance peak and is directly related to the LSPR strength (high
Q means strong LSPR). Silver has the highest Q value across the electromagnetic
spectrum from 300-1200 nm, which explains why it exhibits the strongest and
sharpest extinction bands (2).

For metallic nanoparticles of bigger sizes (d ≥/20) the dipole approximation
becomes inapplicable, because the electromagnetic field cannot homogeneously
polarize the surface electrons simultaneously and retardation effects arise
culminating in higher-order oscillation modes (e.g. quadrupolar and octupolar
modes). Large MNPs have absorption spectra with multiple peaks, the dipolar
LSPR peak undergoes significant broadening due to radiation damping, and is
red-shifted by the LSPR peaks of multipolar modes (3, 5, 7)

It must be noted that for nanoparticles of sizes less than 40 nm in diameter, the
main contribution to the extinction coefficient is radiation absorption (radiative
processes are negligible); however for larger particles of more than 100 nm
in diameter, scattering becomes more significant and it dominates the optical
response (7).

Morphology Effects

The LSPR spectral response is a matter of whether the exciting
electromagnetic field induces a homogeneous polarization all over the MNP
or not. The polarization homogeneity depends on geometrical aspects of the
MNP such as symmetry, number and sharpness of vertices and number of
facets; all these factors – and more- reflect in the spectral features observed
such as number of LSPR peaks, their frequencies and widths. For a small
spherical MNP, as mentioned above, the electromagnetic field polarizes the MNP
homogeneously and the absorption spectrum comprises a single and sharp LSPR
peak corresponding to a single homogenous dipolar oscillation mode. As the
MNP deviates from symmetry, the number of peaks increases both of dipolar
and multipolar oscillatory modes as shown in Figure 2. Multipolar modes do
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not only appear at higher frequencies than those of dipolar modes but they also
generate an electric field, which shifts the dipolar mode to lower frequency values
(3, 7, 12). It was observed that the truncation of the AgNPs edges causes a
blue-shift in the main LSPR peak while the increase in the sharpness of vertices
such as for cubic and star decahedral AgNPs is associated with an increase in
the number of resonances, in addition to the broadening and red-shifting of the
LSPR peak. This red-shift is significant and is attributable to the high degree of
charge separation at the sharp corners of the nanostructure, which decreases the
energy of the oscillation. As a consequence of the concentration of charges at
the sharp tips, the dipolar electric fields are highly enhanced at these regions and
asymmetric MNPs of sharp edges are associated with a more pronounced local
enhancement of spectroscopic signals than symmetric MNPs, an effect called
the ‘lightning rod’ effect. Such effect can be harnessed to create highly efficient
‘hot spot’ regions in sensing applications (7, 12, 15). The useful aspect of using
anisotropic MNPs lies in the fact that LSPR can be fine-tuned by changing the
geometry without sacrificing the bandwidth features by size changes. Anisotropic
nanoparticles can have their LSPR tuned to the near infrared region (NIR) where
biomolecules can be spectroscopically studied in their native environment with
minimal background noise from the biological components of the sample (at this
window of wavelengths, biological tissues have maximal transparency) (3, 16).

Composition Effects

The fine-tuning of the LSPR is also made possible by the use of composite
metallic nanostructures. Silver can be mixed with another metal during synthesis
to produce either core/shell or alloy bimetallic nanostructures. Silver/gold
(Ag/Au) composite nanostructures have been of particular interest because of their
sharp and intense resonance peaks, and the compatibility of their lattice constants
(16, 17). Ag/Au alloy nanostructures are produced by the simultaneous reduction
of Au and Ag ions in a refluxed aqueous solution. While the mixture of pure
Au and Ag nanoparticles exhibits two separate LSPR peaks, alloy nanoparticles
exhibit one LSPR peak that falls in between both λmax values and shifted to longer
wavelengths on increasing the mole fraction of Au in the reaction mixture. The
LSPR position was shown to change linearly with the mole fraction of Au, and
it is tunable between the absorption maxima of pure silver and gold (4, 17).
Core-shell nanostructures are associated with very high absorption and scattering
coefficients; the contribution of each to the optical extinction in addition to the
tuning of the LSPR peak can be modulated by changing the core diameter (D)
and the thickness of the nanoshell (H). Theoretical studies show that composite
nanostructures with Ag nanoshells exhibit superior optical properties as compared
to ones with Au nanoshells and pure Au nanostructures in general; however the
challenge is to synthesize high quality Ag nanoshells (16). Sometimes multiple
metallic nanoshells are deposited upon the core metal by the successive reduction
of Ag and Au salts, and such multi-shell nanoparticles were shown to exhibit very
interesting and tunable optical properties (18).
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Interparticle Separation Effects

At a low-concentration of MNPs, the nanoparticles do not interact and
the LSPR-induced electric field of each nanoparticle is not ‘sensed’ by the
surrounding ones. As the interparticle separation decreases to distances smaller
than the excitation light’s wavelength, the MNPs’ transient dipoles couple to
one another and their electromagnetic fields interfere coherently causing the
LSPR absorption peak to red-shift and broaden. As MNPs aggregate, a second
absorption band appears at lower energy; the optical properties of such aggregates
are dependent on the number of MNPs involved, their shapes, interparticle
distance within the aggregate and their orientation with respect to the polarized
light (1, 4, 12).

Figure 2. Schematic representations of the UV-Vis extinction spectra of an
aqueous dispersion of AgNPs of approximately the same lateral dimensions (~ 80
nm). The symmetric spherical nanoparticles exhibit a strong LSPR band around
430 nm; the cubic nanoparticles exhibit three peaks (located at 350, 400, and
470 nm). The triangular nanoplates exhibit three peaks (at 335, 470, and 690
nm), which correspond to the out-of-plane quadrupole, in-plane quadrupole,
and in- plane dipole plasmon resonance modes, respectively. Reproduced with

permission from reference (14). Copyright 2007 Wiley & Sons.
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Refractive Index-Sensitivity of LSPR

The LSPR of MNP is sensitive to changes in the refractive index (optical
density) of its immediate environment. The refractive index changes and the
corresponding LSPR spectral shift are related through the following formula:

It shows from this relationship that the spectral shift (Δλ nm) is a function
of the sensitivity factor m (Δλ nm per unit change in the refractive index in
RIU), the refractive indices of both the medium and the adsorbed species
(nmedium and nadsorbate respectively), the effective adsorbate layer thickness in nm
(d) and the decay length of the electromagnetic field (ld) in nm (ld describes
the dependence of the LSPR response on the separation distance between the
nanoparticle’s surface and the adsorbate, which defines the ‘sensing volume’
of the nanoparticles). Equation 3 shows that the LSPR sensitivity to the local
refractive index is controlled through nanoparticle-related parameters such as m
and ld, which can be controlled by the nanoparticle’s shape, size and composition;
for example increasing the aspect ratio of the nanoparticles (width/height)
results in larger m values and longer ld (8, 11, 12). According to theoretical
investigations for nanoparticles of equi-volume diameter (deq) in the range of
15-60 nm, it was demonstrated that maximum sensitivity factor values were
associated with nanoparticles of silver; it was also shown that the sensitivity factor
increases directly with equi-volume diameter. Zamkovets and coworkers studied
refractive index-sensitivity in monolayers of silver nanoparticles and it was shown
that increasing the AgNP concentration (close-packing) was associated with
particle-particle electrodynamic interactions resulting in LSPR red-shift which
substantially improved the nanostructure’s sensitivity to the refractive index of
its environment. It was proposed that the superiority of AgNPs’ sensitivity factor
to the other metals is due to the fact that its LSPR absorption band does not
overlap with the edge of its interband absorption peak (19). The response of the
AgNPs’ LSPR to changes in the medium’s refractive index was also investigated.
As the refractive index of the medium increases (such as in presence of organic
molecular adsorbates), the spectrum undergoes a red-shift and the LSPR band
becomes wider; however the number of resonances is preserved (7).

Further theoretical and experimental investigations on the optical properties
of both isolated and embedded silver nanoparticles and their relationship to size,
morphology and environmental factors have been reported (3, 7, 10, 20, 21).

Local Field Enhancement of Spectroscopic Signals

Surface-Enhanced Raman Scattering (SERS)

On the incidence of electromagnetic radiation upon a molecular sample, its
energy momentarily perturbs the electrical field of the sample molecules inducing
their polarization; the molecules relax by releasing the energy of this polarization
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as scattered photons. The Raman effect refers to the inelastic scattering of
incident photons; where they are detected at different wavelengths from that of
the incident light. The incident photons exchange energy with the molecular
sample corresponding to quantized transitions in the molecular vibrational modes;
the scattered photons either lose energy and are detected at a longer wavelength
(Stokes shift) or gain energy and are detected at a shorter wavelength (anti-Stokes
shift). The Stokes shift signal is more intense than the anti-Stokes signal and it is
more valuable in analytical applications (22, 23). Probing the Raman effect yields
specific information on the identity, molecular structure and interfacial properties
of the investigated sample in the form of fine spectral features, which makes
Raman spectroscopy a valuable spectroscopic tool in chemical and biological
analyses. Raman spectroscopy is challenged, though, with the inefficiency of the
Raman scattering process; molecular Raman scattering cross-sections are in the
range of 10-30 – 10-25 cm2/molecule, which are extremely small as compared to
high quantum yield fluorophores of cross-sections of around 10-16 cm2/molecule
(3, 23).

Raman scattering from molecules in the vicinity of plasmonic nanostructures
(metallic nanoparticles or rough –nanotextured- metal surfaces) is greatly
enhanced; the enhancement factor could reach up to 106 – 108 for an aggregate of
molecules and 1014-1015 for single molecules (11). Such phenomenon is called
surface-enhanced Raman scattering (SERS). The enhancement of the Raman
signal is attributed to two simultaneous enhancement effects: a long-range
electromagnetic enhancement effect which is thought to contribute the most to the
enhancement factor (~104 – 107) and a short-range chemical enhancement effect
of less contribution to the enhancement factor (~10 – 102) (24).

The intensity of the Stokes Raman signal depends on a number of factors that
are represented as follows:

σads is the enhanced Raman scattering cross section of the adsorbed molecule, f(υL)
and f(υs) refer to the field enhancement factors at the excitation radiation (usually
laser) frequency and the Stokes frequency respectively, I(υL) refers to the intensity
of the excitation radiation, and finally Nwhich represents the number of molecules
involved (3, 25).

The electromagnetic enhancement contribution to SERS results from the
coupling of the nanoparticle’s surface plasmons with both the Raman excitation
and emission fields causing their amplification at resonance conditions; such
effect is most pronounced when LSPR λmax is located between the excitation and
emission photons’ wavelengths. When both the excitation laser frequency and
the Stokes frequency are close in value to the LSPR frequency, the Raman signal
is observed to be proportional to the fourth power of the local field enhancement
factor, which means that the smallest structural variations that affect the local field
enhancement factor have substantial influence on the SERS response (3, 11, 12).
Even though both individual and aggregated nanoparticles contribute to SERS;
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the scale of enhancement is dramatically higher for aggregated nanoparticles:
around 3 to 6 orders of magnitude for individual nanoparticles versus 10 to 15
orders of magnitude for aggregates (5). This is explained by the fact that at
sub-wavelength separation distances, the coupling of the nanoparticles’ induced
dipoles and the coherent interference of their electromagnetic fields culminate
in regions –hot zones- where the signal enhancement is highly pronounced (5,
12). Exploitation of such hot spots is made possible by fabrication of intricately
designed nanoparticle arrays as SERS substrates for biosensing (26). It is worth
mentioning that anisotropic MNPs were shown to exhibit superior local field
enhancement effects when compared to spherical MNPs due to the fact that the
enhanced field localizes at regions of high-curvature (tips or vertex-like regions)
which is only possible with non-spherical MNPs (the ‘lightening rod’ effect).
The chemical enhancement factor of SERS simply results from the electronic
interactions between the analyte and the nanoparticle’s surface; the effect is
highly dependent on the analyte-nanoparticle separation distance: an effect called
the ‘first layer effect’ where the analyte molecules in the first layer in vicinity
to the plasmonic surface experience greater enhancement than the other layers.
The adsorption of the analyte molecule to the nanoparticle’s surface is associated
with electronic resonance-charge transfer interactions, which ultimately perturb
the electronic structure of the analyte molecule with subsequent induction of
polarizability. The increase of the molecular polarizability effectively increases
the Raman scattering cross section and thus the SERS signal (12, 13, 27). The
chemical enhancement is mainly a function of the analyte properties and its
adsorption settings such as the adsorption site, bonding geometry and molecular
energy levels (23).

Both the electromagnetic and chemical enhancement effects can be controlled
by changes in the nanoparticle’s morphology, size, surface properties, assembly
configuration and the analyte-nanoparticle bonding characteristics (3); studies on
such relationships have been recently reported and discussed in the context of
fabricating nanostructures for the tuning and optimization of the required SERS
response (27–31).

Metal-Enhanced Fluorescence (MEF) and Fluorescence Quenching

Fluorescence serves as an important signal transduction tool in analytical
applications like detection of trace amounts of analytes, cellular imaging and
genetic studies, just to name a few (3). The excitation of the molecular species
is a result of the absorption of photons corresponding to transitions in electronic
energy levels. Depending on the molecular structure and chemical surroundings,
relaxation of an electron in an excited state to the ground state results from
the combined effect of the emission of radiation and through radiationless
processes. The dominance of either deactivation route is a matter of which route
minimizes the lifetime of the excited state at the given conditions more quickly.
A fluorophore is characterized by its quantum yield (Q), which describes the ratio
of the emitted photons to the absorbed ones, and its fluorescence lifetime (τ). The
depopulation of the excited state is a function of both the radiative decay rate of
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the fluorophore species (Γ) and the rate of non-radiative decay to the ground state
(knr). Such parameters relate to Q through the following relationship:

and to the fluorescence lifetime through the following relationship:

High intensity fluorescence is observed with fluorophores of high quantum
yield and short lifetime (such fluorophores, when in their excited state, have
less time to interact with their surroundings and are thus more photostable) (22,
32). The excited molecular species may have its fluorescence quenched due
to collisions with molecules in solution, forming non-fluorescent complexes
(self-quenching), attenuation of the exciting field by a nearby absorbing species,
or by resonance energy transfer (RET), also commonly called Förster resonance
energy transfer (FRET). RET occurs when the emission spectrum of the
fluorophore (donor) overlaps with the absorption spectrum of the quencher
(acceptor), and the excitation energy of the donor fluorophore is transferred in a
non-radiative manner to the acceptor via dipole-dipole interactions (3, 32). How
efficient the energy transfer process is depends on the extent to which both spectra
overlap, which is reflected in the Förster radius (R0): the distance at which there
is a 50% energy transfer efficiency, in addition to the donor-acceptor separation
distance r as shown in equation 7 (32, 33).

Conventional fluorophores are challenged by a number of limitations that
compromise their efficiency as transduction tools, such as the prolonged lifetime
of the molecular excited states leading to their poor photostability, photoblinking
(fluorescence interrupted by non-fluorescent states), and low signal-to-noise (S/
N) ratios (13, 34). The presence of plasmonic nanoparticles in the vicinity of
a fluorescent species was found to either dramatically enhance the fluorescence
intensity or quench it depending on the separation distance between them. From
equations 5 and 6, it is shown that the fluorescence intensity is a direct function
of both the radiative and non-radiative decay rates; and it is upon these that the
plasmonic nanostructure has its influence.

The enhancement of a fluorophore’s emission due to proximity to a metallic
nanostructure as compared to a fluorophore in ‘free space’ (the apparent quantum
yield, Y) can be described by the following relationship:
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L(ωexc) is the intensity of the exciting radiation, and Z (ωem) is the relative radiation
yield: the ratio of the quantum yield of the fluorophore in the presence of the metal
ΦM to its intrinsic quantum yield Φ0 unperturbed (in free space) (35). The increase
in the quantum yield of a metal-enhanced fluorophore is directly dependent on
the excitation field intensity and radiative processes. The local field enhancement
around metallic nanostructures due to the coupling of LSPR with the excitation
field concentrates the field near the fluorophore and increases its rate of excitation
(3, 36). Due to the fact that the apparent quantum yield is proportional to the square
of the excitation field intensity (equation 8), the effect of LSPR can result in 104-
fold increase or more in the excitation intensity. The maximum enhancement of
quantum yield by a metal due to increasing radiative rates is 1/Φ0whichmeans that
only fluorophores of poor intrinsic quantum yield values experience pronounced
metal-enhanced-fluorescence effects (35, 37). To increase the relative radiation
rate Z (ωem), ΦMmust increase. As shown from equation 5, the quantum yield can
be increased by increasing the radiative decay rate (Γ); this the metal nanoparticle
makes possible by amplifying the photonic mode density around the fluorophore
(12) by adding new radiative decay paths to the fluorophore; these are represented
by adding Γm to equations 5 and 6:

Increasing Γm culminates in increasing the quantum yield and reducing
the fluorescence lifetime (3, 35, 38). Such increase is attributed to the fact that
now more fluorophores can decay radiatively before non-radiative processes are
initiated. Metal-enhanced fluorescence is observed at metal-fluorophore distances
of around 100 Å (39).

At fluorophore-metal separations of less than λ/4, distance-dependent
fluorescence quenching is observed (40). The metal nanoparticles, being too close
to the fluorophore, contribute non-radiative decay channels; and RET comes into
play where the excited state fluorophore interacts with surface plasmons of the
metal and the excitation energy is transferred to the metal. The donor-acceptor
Förster distances observed between a fluorophore and MNPs reached up to
almost 10 times bigger than typical Förster distances (3, 12, 34, 36). Whether
fluorescence enhancement or quenching takes place is a matter of how the metal
influences the radiative and non-radiative decay rates of the fluorophore. Factors
to be considered encompass the spatial location of the fluorophore with respect to
the metal, the distance between them, anisotropy of the metallic nanostructure,
orientation of the fluorophore’s transition dipole moment with respect to the metal
and the illumination geometry (3, 12, 34, 36, 38, 41).
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In developing biosensors, the aim is to employ the useful effects of metal
enhanced fluorescence such as increased photostability, high quantum yields and
increased resonance energy transfer distances for highly sensitive detection and
enhanced S/N ratios. The critical issue here is the ability to ‘engineer’ substrates
that can efficiently harness the fluorescence enhancement/quenching effect of
MNPs in favor of the detection process. It was reported that superior fluorescence
enhancement was observed with MNPs of higher scattering cross-sections, which
amplifies the fluorophore emission intensity; this justifies the superiority of
AgNPs relative to AuNPs of the same size in fluorescence enhancement and thus
their common use in MEF-based sensing. Anisotropic silver nanoparticles were
shown to exhibit higher fluorescence enhancement factors than isotropic ones:
the presence of multiple LSPR modes increases the probability of their coupling
to the excited fluorophore (12). Silver has a characteristic plasmon absorption
peak in the range of 300-450 nm, which makes it the metal of choice to be used
with fluorophore dyes that emit in the Vis-NIR region (39).

Synthesis, Characterization, and Functionalization of Silver
Nanostructures

The photophysical properties of silver nanostructures can be tailored and
fine-tuned by the careful selection of the synthetic method and the optimization of
its parameters; the aim is to efficiently and reproducibly control the size, shape,
crystallinity, structure and composition of the resultant nanoparticles so as to
serve the sensing application desired (14). AgNPs utilized in most biosensing
applications are either in the form of colloidal dispersions or immobilized upon
solid substrates. Several methods have been investigated and established for the
fabrication of such nanostructures (2, 16). This section presents a brief overview
on the main synthetic methods employed in the synthesis of silver nanostructures
(with emphasis on the chemical approaches), the techniques used for their
characterization and their functionalization for biosensor applications.

Synthesis of Colloidal Dispersions of Silver Nanoparticles

The general approach to the synthesis of AgNPs is based on the controlled
reduction of Ag+ ions from a silver precursor species into elemental Ag; clusters
of Ag atoms serve as nuclei, which support subsequent growth into nanoparticles.
Generally speaking, nanoparticles are thermodynamically unstable due to their
high surface energy, and thus have a tendency to grow in size or agglomerate
which poses a challenge during their synthesis. To overcome such a challenge, in
addition to the precursor species and the reducing agent, a stabilizing (capping)
agent is employed during synthesis; these stabilizers are divided based on their
stabilizing mechanism into: electrostatic and steric stabilizers. Electrostatic
stabilization relies on the mutual repulsion of like charges associated with the
formed nanoparticles to prevent their agglomeration. On the other hand, steric
stabilization is based on limiting the diffusion of the growth species to the
nanoparticle’s surface through the use of an adsorbed polymeric layer that acts
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as a physical barrier to further growth. Diffusion-limited growth allows for the
synthesis of highly monodisperse nanoparticles, and in case of their coalescence,
the particles are always re-dispersible, which is in contrast to electrostatically
stabilized dispersions (43, 44).

The final nanoparticles’ size, morphology and monodispersity are controlled
by manipulating the reduction conditions, the rates of the initial nucleation and
the subsequent growth; these factors were shown to be influenced by various
synthetic parameters such as the strength of the reducing agent, the concentration
of the reactants, pH, reaction temperature and the choice of the capping agent
(44). The strength of the reducing agent was shown to affect the size of the
nanoparticles by affecting the rate of reduction; strong reducing agents enhance
the rate of reduction and consequently produce smaller AgNPs than with weak
reducing agents (43, 44). The concentration of reactants and the reaction pH
were also found to affect the nanoparticle’s size through affecting the rate of
reduction (44–46). The choice of the capping agent is critical not only for
stabilizing the colloid against aggregation, but also because it plays an important
role in determining the size, shape (as will be discussed later in this section)
and other properties of the nanoparticles such as their solubility, reactivity and
biocompatibility. In particular cases, the capping agent acts as a reducing agent
itself enabling one-pot synthesis of AgNPs. Examples of capping agents include
thiol derivatives, aniline, surfactants, polymers such as polyvinylpyrrolidone
(PVP), polyacrylate, polyacrylonitrile and polyacrylamide (PAM) (47).

The methods for producing colloidal dispersions of AgNPs can be grouped
according to the type of reductant into wet chemical, physical, and biological
methods.

Wet Chemistry

Wet chemistry is the most popular and investigated route for the synthesis of
silver nanostructures. Reduction of the silver precursor species is done chemically
either using strong reducing agents such as sodium borohydride and hydrazine,
or weak ones such as glucose, sodium citrate, dimethylformamide, ascorbic acid,
alcohols and polyols (47).

The citrate reduction method is a simple and a rapid approach to the synthesis
of Ag colloids with minimal laboratory skills. In addition to its role as a reducing
agent, citrate acts as a capping agent as well. AgNPs can be produced by the
addition of a certain amount of sodium citrate to a boiling aqueous solution of
AgNO3. Such a simple method, however, produces AgNPs of a broad distribution
in their sizes (20 – 600 nm) and shapes (polyhedrons and nanoplates) (2). Citrate
has a pH-dependent reduction activity, and thus changes in the reaction pH allow
for shape- and size-controlled synthesis of AgNPs. The effect of pH changes in
the range of 5.7-11.1 on the shape of the produced nanoparticles was investigated;
it was shown that at high pH spherical and rod-like AgNPs dominated the reaction
product, whereas at low pH triangular and polygonal AgNPs were produced.
Purely spherical AgNPs were produced by the step-wise citrate reduction of
AgNO3 where the nucleation and growth processes were carried out at high and
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low pH respectively (48). The addition of NaOHwas shown to direct the synthesis
of Ag nanowires, and the concentration of hydroxide ions was found to be the key
to the control over the nanowires yield (49). Even though the citrate reduction
method eliminates the need for capping agents, sometimes certain capping agents
are added to the reaction so as to direct the nanoparticles’ growth into certain
shapes. Zhou et al. reported a surfactant-assisted approach to the synthesis of Ag
nanorods and nanowires in aqueous solution; AgNO3 was reduced by tri-sodium
citrate in the presence of the anionic surfactant dodecyl benzene sulfonic acid
sodium (DBS) as a capping agent. The concentrations of tri-sodium citrate and
DBS in particular were shown to play a crucial role in determining the final size
and morphology of the nanoparticles formed. A tri-sodium citrate concentration
of 2.4 mM and DBS concentration of 1 mM produced nanowires and nanorods of
lengths in the range of 2-8 μm and 150 nm-2.5 μm respectively. Deviations from
these optimum concentrations resulted in the absence of nanorod and nanowire
morphologies, heterogeneity in size and morphology distribution and/or the
appearance of other nanostructures at the expense of nanorods and nanowires
(50). The effect of citrate concentration as a capping agent was investigated by
Henglein et al.; an optimum concentration in the range of 1×10-4 - 5×10-4 M. was
found to generate rather spherical AgNPs of narrow size distribution and minimal
imperfections (51). Ascorbic acid reduction of Ag+ ions was also established
for the synthesis of silver nanostructures of various sizes and shapes; examples
include quasi-spheres, nanoplates and complex branched structures in presence
of stabilizing agents such as PVP and sodium citrate (52–55).

One of the most versatile and robust approaches to the synthesis of a diversity
of silver nanostructures is the polyol chemical process. Polyols, such as ethylene
glycol, act as both reducing agents and as solvents in the chemical reaction;
their reducing power is temperature-dependent which means that the tuning of
the reaction temperature enables precise control over the nucleation and growth
processes and thus the final morphological properties of the nanostructures
(14). A typical reaction comprises a polyol, which is heated with a silver
precursor along with a polymeric capping agent. At the initial phase of the
reaction, Ag atomic clusters form on the reduction of Ag+ ions; these clusters
assemble into crystal nuclei (also called “seeds”), which fluctuate in structure
and eventually acquire a certain morphology depending on the balance between
the available thermal energy and the energetic cost of the structural change. The
nuclei emerge into a Boltzmann-like distribution of multiply twinned, singly
twinned, and single-crystalline structures. The most abundant morphology is
the five-fold twinned decahedron since it possesses the least free energy (2, 56,
57). Cubic, right bipyramidal and pentagonal wire silver nanostructures are the
most commonly observed morphologies associated with polyol syntheses; further
manipulation of the reaction conditions, though, can force the seeds to grow into
other morphologies (2, 57–60). The final size and shape are determined by how the
reaction conditions selectively direct the addition of the silver atoms to particular
faces of the nuclei as they grow, which can be influenced by the choice of the
capping agent, the ratio of the reagents, the rate of their addition, the reaction’s
temperature and the presence of certain ions/impurities in the reaction solution
(16). PVP was demonstrated to allow for the production of silver nanostructures
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with excellent stability, quality and size/shape monodispersity, it preferentially
adsorbs to certain crystallographic facets and thus enables anisotropic growth
of the silver nanostructure (2, 14). Chemical etchants were also found to play
an important role in shape-controlled synthesis; they can selectively activate
growth at certain crystallographic facets, truncate sharp edges or vertices and
generate hollow structures. High-quality, size-controllable and monodisperse Ag
nanospheres were prepared by the wet etching of uniform Ag nanocubes; rapid
mixing and the selection of a strong chemical etchant, in addition to the uniformity
of the precursor Ag nanocubes were the main determinants of the final quality
of the nanospheres (61). In another study, the synthesis of Ag nanowires using
HNO3 as a chemical etchant was investigated and it was found that adjusting
the HNO3 concentration allows for the transformation of the morphology from
nanowires to triangular nanoplates (62). A novel polyol reaction for the synthesis
of high-quality silver nanocubes was reported by Zhang et al. The reaction
comprised a new silver precursor, CF3COOAg, which was shown to be more
advantageous than AgNO3, along with trace amounts of NaSH and HCl; such
protocol generated Ag nanocubes of edge length in the range of 30-70 nm with
high quality and on a relatively large scale (63).

Shape-controlled synthesis has also been possible by using seed-mediated
growth, where the separation of nucleation and growth steps is what exerts control
over the final nanoparticle’s morphology; in addition to soft-templating where
amphiphilic surfactant molecules are used to form micelles and reverse-micelles
that serve as ‘nanoreactors’ in solution. These nanoreactors incorporate the
nanostructure being formed and confine its growth into controllable sizes
and morphologies, which depend on the template structure and the various
synthetic conditions such as the type and concentration of the precursor, the
reducing agent used, reduction time and temperature. Various shapes were
produced via soft template-directed growth such as nanoplates, dendrites,
hollow spheres, nanowires and nanorods (2). Examples of soft templates
include CTAB (cetyl trimethylammonium bromide), the reverse micellar
system AOT (di(2-ethyl-hexyl)sulfosuccinate)/isooctane/water system and the
octylamine/water bilayer system, which were reported to produce silver nanorods,
nanodisks and nanoplatelets respectively (64–66).

An interesting approach to shape-modulation of chemically produced
nanostructures relies on the unique interaction of silver with light allowing for
different silver nanostructures to be synthesized photo-chemically. Subjecting a
silver colloid to certain types of radiation was found to induce the reshaping of
the existent morphologies into new ones (2, 17, 44).

A number of ‘green’ approaches utilizing environment-friendly reagents such
as β-D-glucose, starch, Tollen’s reagent and others were used for synthesis of
AgNPs to minimize the use of environmentally toxic chemicals (67, 68). Eid
and Azzazy reported a novel fast, inexpensive and safe method for the synthesis
of anisotropic silver nanostructures. Three-dimensional hollow flower-like silver
nanostructures with sizes in the range of 0.2 - 5.0 μm and surface area between
25–240 m2/g were prepared by the use of AgNO3 as a precursor, dextrose as a
reducing agent, tri-sodium acetate as a capping agent and NaOH. Optimizing the
concentrations of the reactants enabled shape and size tunability (69).
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Physical Methods

The reduction of the silver precursor species can be done by the physical
irradiation of the reaction solution by γ-rays, UV, visible light, microwave or
ultrasound irradiation (47). The use of radiation-induced reduction is quite
useful as it allows precise control over the driving forces of Ag+ ions reduction,
nucleation and subsequent growth away from thermodynamic considerations;
in addition to the production of nanostructures of higher purity than with
chemical methods (42). Yoksan and Chirachanchai reported the synthesis of
chitosan-stabilized Ag nanospheres with an average diameter of 7-30 nm by
γ -radiolytic reduction; the final size was found to be dependent on the dose
of γ-radiation, the starting AgNO3 content and chitosan concentration (70).
Jurasekova et al. performed another high-energy-radiation-based synthesis, where
electron beam irradiation (EBI) was used for the reduction of Ag+ ions in solution;
nanoparticles of long-term stability and different sizes and shapes (nanospheres,
nanocubes and nanostars) were produced (71). Silver nanoclusters (discussed
later in the chapter) have been proved to possess excellent optophysical properties
and have recently gained great interest as fluorescent labels. Being even smaller
than AgNPs (~100 atoms), the solution-phase synthesis of such ultra-small
clusters is extremely challenging, as they tend to grow in size and aggregate
to minimize their surface energy. Xu et al. reported the preparation of highly
fluorescent water-soluble silver nanoclusters of high stability via a sonochemical
approach. The reduction of Ag+ ions was promoted by the ultrasonic irradiation
of an aqueous solution of AgNO3 in presence of polymethylacrylic acid (PMAA)
as a capping agent. Controlling reaction conditions such as the sonication time,
carboxylate-to-silver ion stoichiometry and the polymer molecular weight were
found to tune the optical response and the strength of fluorescence (72).

Biological Methods

Living organisms and/or their extracts were found to offer the appropriate
conditions for the synthesis of metallic nanostructures of well-defined sizes
and morphologies. A number of microorganisms were reported to allow for
the production of AgNPs; the microorganisms-induced reduction of silver ions
into silver nanostructures can take place both extracellularly and intracellularly.
The photoautotrophic cyanobacterium Plectonema boryanum was used for the
synthesis of AgNPs in presence of aqueous AgNO3 at temperatures between
25-100 °C. Spherical, octahedral and platelet-shaped AgNPs were produced
both intracellularly (<10 nm) and extracellularly (~1−200 nm) (73). The use
of eukaryotic organisms, such as fungi, in AgNPs’ biosynthesis was also
investigated. Mukherjee et al. reported the intracellular production of AgNPs in
the Verticillium fungus on exposure to aqueous silver ions; nanoparticles of 25
± 12 nm in diameter were formed below the cell wall surface; this observation
lead to the proposal that the reduction of silver ions was done by enzymes in the
cell wall (74). Extracellular biosynthesis on the other hand was performed with
fungal cells of Fusarium oxysporum in a study by Ahamed et al., where AgNPs
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of 5-15 nm in diameter were synthesized extracellularly through an enzymatic
process and stabilized by proteins secreted by the fungus (75). Biological extracts
from microorganisms and plants contain biomolecules such as proteins, enzymes,
polysaccharides, vitamins and others; these were found to serve as reducing and
capping agents and thus also used for the synthesis of AgNPs. Such biosynthetic
methods offer more economic and environment-friendly alternatives to chemical
and physical methods (67).

Synthesis of Substrate-Immobilized Silver Nanostructures

Unlike solution-phase syntheses, fabrication of nanostructures on solid
substrates using techniques such as lithography allow for more precise
control over the structural aspects, such as the nanoparticle’s size, shape and
interparticle spacing. Electron beam lithography (EBL) is considered the most
versatile and well-established fabrication technique used for the synthesis of
substrate-immobilized nanostructures. A focused electron beam scans across a
polymeric resist (most commonly polymethyl methacrylate, PMMA) according
to a pre-programmed pattern; regions subjected to the electron beam become
labile to being etched away on solvent treatment. As these regions dissolve
away, they leave behind a solid mask, which serves as a substrate upon which
silver is deposited by physical vapor deposition. After removing the PMMA
mask, a high-resolution ordered array of Ag nanoparticles is produced. A variety
of morphologies have been fabricated with EBL such as cylinders, ellipsoids,
rectangles and triangles. Another commonly used lithographic technique is
focused ion beam lithography (FIB), which is similar to EBL except for the use
of an ionic beam of Gallium ions (Ga+) instead of electrons. FIB can also be
used for direct patterning (without the need for a mask) through chemical vapor
deposition (FIB-CVD). EBL and FIB are limited by their complexity, high-cost,
high time-consumption and their need of highly specialized facilities (2, 76,
77). A range of unconventional lithographic techniques have been developed to
overcome such limitations; one of the most popular and inexpensive techniques is
nanosphere lithography (NSL). In NSL, a colloidal suspension of monodisperse
nanospheres (usually made of polystyrene) self-assembles upon a solid substrate
in a close-packed arrangement of hexagonal symmetry. This self-assembled
monolayer serves as a physical mask upon which silver is vapor-deposited; it fills
the voids in between the nanospheres in the monolayer lattice forming a regularly
arrayed thin film of pyramidal AgNPs, which shows upon the mask removal. The
lateral dimensions of the AgNPs and their interparticle spacing is dictated by the
size of the nanospheres, whereas the vertical dimensions depend on the deposition
time and rate. If the mask comprises a double-layer of nanospheres, hexagonal
dots emerge instead of the pyramidal morphology. Further modulation of size
and shape is also possible by varying the deposition angle, thermal annealing of
the AgNPs array or ion etching of the nanospheres. NSL was demonstrated to
produce size tunable MNPs in the range of 20-1000 nm (11, 76, 78, 79).
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Characterization of Silver Nanostructures

Structural aspects of silver nanostructures such as size, shape and composition
can be investigated and characterized by various techniques (2); these include
atomic force microscopy (AFM), scanning tunneling microscopy (STM),
transmission electron microscopy (TEM), high resolution TEM (HRTEM),
UV/Visible spectroscopy, energy dispersive spectroscopy (EDS/EDX), selected
area electron diffraction (SAED), fast Fourier transform (FFT), X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS), in addition to many other
techniques which are employed where appropriate (42, 80).

Functionalization of Silver Nanostructures

MNPs used in biosensors need to be associated with recognition molecules
that can selectively detect and capture the analyte of interest; such functionalities
include oligonucleotides (DNA or RNA), antibodies, carbohydrates and many
others. The functionalization of MNPs can be achieved either during synthesis,
where the functional groups are the stabilizing agents themselves (direct
functionalization) or the MNPs are first stabilized by labile capping agents and
functionalization takes place post-synthesis by replacing the capping agents (81).
The functionalization of AgNPs is a challenging process. They are less stable
in aqueous dispersions than AuNPs as they are susceptible to oxidation and
etching by chloride ions; the efficiency of their thiol-conjugation is low and all
thiol-functionalized AgNPs exhibit poor stability in saline buffer and do not show
cooperative binding properties (as is the case with thiol-functionalized AuNPs).
Producing thiol-functionalized AgNPs is a lengthy process, which could last for
over 2 days; it requires delicate balancing of the levels of the added NaCl and the
thiolated functional groups (82–85). To overcome such challenges a number of
approaches have been used to ease the functionalization of AgNPs; one way is to
coat the AgNPs with stabilizing self-assembled monolayer (SAM) of alkanethiols
such as mercaptoundecanoic acid, which is functionalized in a subsequent step
with the required recognition molecules. Another approach is to coat the AgNPs
with a layer of another material such as gold or silica; these support the AgNPs
stability while allowing for easy functionalization (12, 13, 83). Amendola et
al. reported a synthetic method, which produces stable chemical-free AgNPs in
organic solvents; these AgNPs are surrounded by carbon shells/matrices, which
allow for their direct functionalization during synthesis (86). Lee et al. recently
reported the functionalization of AgNPs by oligonucleotides terminated by a
triple cyclic disulfide moiety as the anchoring group; which was found to increase
the binding affinity of the oligonucleotides to the AgNP’s surface and enhance
their stability. This functionalization strategy produces DNA-AgNP conjugates
in less than 30 min, the conjugates show high-salt stability and exhibit high
cooperativity of binding, which is demonstrated by their sharp melting profiles,
as shown in Figure 3 (83).
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Figure 3. An illustration of the cooperative binding properties of
AgNP−oligonucleotide conjugates based on DNA terminated with triple cyclic
disulfide moieties in hybridization assays. Two sets of AgNPs are functionalized
with complementary DNA sequences, on hybridization-based aggregation of
AgNPs the solution color changes from yellow to pale red; the color change is
reversible on heating the solution above the melting point (Tm) which shows
the sharp melting temperature transition. Reproduced from reference (83).

Copyright 2007 American Chemical Society.

Silver Nanostructures-Based Biosensors

The sensitivity of LSPR to changes in the MNPs’ environment means that
such structures can be used as effective signal transducers in sensing applications.
The dependence of LSPR on the geometrical aspects of the MNPs and their
interparticle distances means that the synthetic protocols and fabrication strategies
employed to produce MNP-based sensing platforms can be optimized to tune
such spectral properties so as to serve the purpose of the sensing application
and yield the most efficient settings for maximum sensor performance. Silver
nanostructures were demonstrated to exhibit superior optical properties as
compared with other noble metal nanostructures. AgNPs have a resonance
absorption cross-section that is four times bigger than that of AuNPs (16). It
was shown that a spherical AgNP of ~80 nm in diameter can scatter blue light
(λ=445 nm) with a scattering cross section of 3x10-2 μm2 which is a million
fold greater than the scattering cross-section of a fluorescein molecule. Unlike
fluorophores, they do not blink or bleach and thus provide unlimited photon
budget for long-interval investigations (11, 12). The optical profile of nanosilver
exhibits the sharpest and most intense bands amongst all metals (12). Moreover,
AgNPs are associated with exceptionally enhanced local electromagnetic fields
and thus can amplify local spectroscopic signals remarkably: an effect that can be
usefully harnessed for signal transduction in biosensing applications (13).

Optical detection methods in AgNPs-based biosensors can be broadly
divided into two main types: detection methods based on analyte-induced
LSPR spectral shifts and those based on enhanced spectroscopic signals;
of most applications are surface enhanced Raman scattering (SERS) and
fluorescence-based spectroscopies.
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LSPR Shift-Based Biosensors

Colorimetric Detection

Colorimetric assays are highly popular because of their simplicity, low cost
and convenience. The LSPR shift-induced colorimetric signal depends on the
presence/absence of the target biomolecule, which affects the separation distance
between the nanoparticles and thus their plasmonic coupling by changing the
MNPs’ aggregation/dispersion status. Such colorimetric strategies were reported
to achieve femto-molar detection concentrations of oligonucleotides by Mirkin
and coworkers (1, 87–89).

There are two main approaches to the utilization of AgNPs in colorimetric
detection assays: a cross-linking approach and a non-cross-linking approach. In
the cross-linking method the aggregation is induced by the use of functionalized
AgNPs, which cross-link on target binding to form a network of closely-spaced
plasmonic centers. On the other hand, in the non-cross-linking method the
aggregation status is dependent on the ionic strength of the AgNPs’ medium (82).

Oligonucleotide-functionalized AgNP probes have been used in a number
of colorimetric biosensors for detecting hybridization events, detecting
single-nucleotide polymorphisms (SNPs), and detection of nucleic-acid binders
(small molecules, metal ions or drugs for example). Thompson et al. reported a
cross-linking approach where two sets of AgNPs were used; each functionalized
with complementary probes to one half of the target DNA. In the presence of
the target DNA, the AgNPs cross-link in a sandwich format on hybridization to
the target accompanied by a visual color change of the solution. Conjugating
oligonucleotides with MNPs is associated with highly sharp melting profiles
which are much more sensitive to the transition from dsDNA to ssDNA than with
unmodified nucleic acids. Since the melting profile of DNA duplexes depends on
the efficiency of hybridization (the degree of base-complementarity between the
two strands), such sharp melting transitions can be used to identify single-base
mismatches. Due to the superior extinction coefficient of AgNPs, the minimum
detectable target oligonucleotide concentration was demonstrated to be 50 times
lower than that of AuNPs (90). An interesting colorimetric sequence-specific
DNA-protein binding assay was reported by Tan et al. using AgNP-dsDNA
conjugates. This assay is a ‘light off’ colorimetric assay i.e. the presence of the
target analyte stabilizes the nanoparticles against aggregation. Two sets of AgNPs
were used; each set was functionalized with a dsDNA segment corresponding
to half of the protein-binding sequence, both terminated with complementary
sticky-ends. The complementarity of the dsDNA overhangs along with optimum
salt concentration drives the aggregation of a mixture of both sets of AgNPs
through the formation of a transient DNA duplex and the solution color changes
from yellow to pale brown. In the presence of the target protein, it binds to
this transient duplex introducing steric hindrance and stabilizing the AgNPs
against aggregation. This sensing platform was used to detect estrogen receptor
α and its response elements; the sensitivity of the assay was demonstrated to be
more superior to that using AuNPs, with a detection limit of 25 nM and assay
time of 1 minute. The fact that the analyte detection is based on stabilizing the
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nanoparticles against aggregation avoids the risks of false positive results. This
sensing platform was proven to be a valuable and a convenient tool that can be
extended to other transcription factors (91).

Cao et al. reported the use of Au/Ag composite nanoparticles in a dual-color
detection strategy for SNP discrimination. AuNPs and Ag/Au core-shell NPs of
the same size and melting profiles were synthesized and functionalized with two
sets of probes. AuNPs were functionalized with oligonucleotide probes of perfect
complementarity to the wild-type sequence of the beta-globin gene; while the Ag/
Au core-shell NPs were functionalized with ones complementary to the mutant
beta-globin gene sequence (which contains a SNP) that is responsible for sickle-
cell anemia. The wild type and the mutant targets were added to both types of
nanoparticles, each on its own. Both AuNPs and Ag/Au nanoparticles aggregate
in the presence of either of the two targets; however, on heating the aggregates,
probe-target binding of perfect complementarity has the higher melting profile as
compared to the one with mismatched hybridization. The results can be easily
distinguished using a TLC spot test, as shown in Figure 4. This strategy was shown
to be highly accurate in SNP discrimination (92).

Figure 4. (A) Oligonucleotide-functionalized Ag/Au core-shell and pure Au
nanoprobes and their complementary targets. (B) Addition of the wild-type
targets to both nanoprobes. (C) Spot-test result showing the higher melting
temperature for the Au nanoprobes. (D) Addition of the mutant targets to both
nanoprobes. (E) Spot-test result showing the higher melting temperature for
the Ag/Au core-shell nanoprobes. Reproduced with permission from reference

(92). Copyright 2005 Elsevier.
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Figure 5. An illustration of the non-cross-linking colorimetric detection of
coralyne using non-functionalized AgNPs. Reproduced with permission from

reference (93). Copyright 2009 John Wiley & Sons.

A number of colorimetric assays utilizing non-functionalized AgNPs
have been also reported in attempt to avoid the challenges associated with
functionalizing AgNPs. The stability of unmodified AgNPs against aggregation
depends on the ionic strength of their medium. Electrostatic repulsion between
the negatively charged capping agents (such as citrate) on the AgNPs’ surface
stabilizes them against aggregation; on increasing the ionic strength of the
colloidal solution, the repulsive charges are screened from one another and
aggregation takes place (13, 82, 93). The use of unmodifiedMNPs for colorimetric
detection acknowledges the difference in electrostatic properties of ssDNA from
dsDNA. dsDNA has a highly stable geometry, which displays the negative charge
of its phosphate backbone and thus would not adsorb onto the negatively charged
surfaces of MNPs. On the other hand, ssDNA has sufficient flexibility to uncoil
and expose its bases to the MNPs maintaining distance from the negatively
charged backbone and allowing for van der Waals attraction forces to dominate.
These attractive forces promote the adsorption of ssDNA upon the MNPs surface,
which increases the charge density and stabilizes them against salt-induced
aggregation (94). Xu et al. reported a non-cross-linking colorimetric assay
based on unmodified AgNPs to detect homoadenine sequences-binding small
molecules. The assay exploited the high affinity of adenine deoxynucleosides
to adsorb onto AgNPs and stabilize them against aggregation to detect the poly
(A)-binding ligand coralyne. In the presence of coralyne, the poly (A) sequence
desorbs from the AgNPs and binds to coralyne forming a homoadenine duplex;
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the AgNPs are destabilized and they aggregate on salt addition, changing the
color of the solution from yellow to pale brown (Figure 5). Concentrations as
low as 1 μM were shown to cause a visual color change; the assay was selective
to coralyne and had higher sensitivity than when using AuNPs; the assay had a
limit of detection (LOD) of 0.3 μM (93). Table I lists a few more examples of
AgNP-based colorimetric biosensors.

Table I. Summarizes a few more examples on AgNP-based colorimetric
biosensors

Method Platform/Target Performance Reference

Mannose protected AgNPs.
Detection of concanavalin A
(Con A) lectin protein

LOD: 0.1 μM (95)

Cross-linking
method Unmodified AgNPs.

Detection of Homocysteine
in human plasma samples.

LOD: 0.5 μM.
Good linear detection
was established in the
range of 2–12 μM.

(96)

Unmodified AgNPs and
cationic peptide probe (p1).
Detection of cyclin A2
(cancer marker protein).

LOD: 30 nM. (97)

Unmodified AgNPs and
charge neutral peptide
nucleic acids (PNA) as
coagulants and hybridization
probes.
DNA detection.

A specific DNA can
be detected in an
environment of at least
10 times of interference
DNA.
LOD: at a DNA/PNA
ratio of 0.05.
SNP discrimination.

(98)

Non-cross-
linking
method

Antibody-functionalized
AgNPs (negatively charged).
Detection of the specific
peptide fragment of
Neurogenin 1 (ngn1)

LOD: 30 ng/mL (99)

LSPR Sensors

LSPR sensors – also referred to as refractive index sensors- are based on
the sensitivity of the MNP’s LSPR and corresponding spectral shift (Δλmax) to
local refractive index changes induced by the adsorption of analyte molecules to
the MNP’s surface; such sensing strategy has been used for detecting molecular
recognition events and measuring conformational changes and binding processes’
kinetics in real time. LSPR sensors are label-free, accurate and exhibit high
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sensitivity and selectivity (8, 13, 100, 101). AgNPs have been utilized as LSPR
sensing platforms either in the form of nanoparticle arrays or as single-nanoparticle
sensors. In the array format, AgNPs (mostly of anisotropic morphologies which
have superior refractive-index sensitivity) of tailored size, shape and interparticle
separation are adhered to optically transparent solid substrates. Shifts in λmax
are probed by UV/Vis extinction spectroscopy; the dependence of the spectral
shifts upon surface concentration of adsorbed species provides for the possibility
of quantitative measurements. The solid substrate platform is easily fabricated
and its chip-based design allows for multiplex analyses. Another format for
LSPR sensing is to probe the Δλmax for single nanoparticles. Single-nanoparticle
sensors are highly advantageous because of their improved LOD values (which
could reach single-molecule detection limit), high spatial resolution in multiplex
analyses and their applicability for measurements in solution and within cells
and tissues unlike nanoparticle arrays. Monitoring single-nanoparticle LSPR is
done by resonant Rayleigh scattering spectroscopy rather than UV/Vis absorption
spectroscopy, which is impractical for this purpose; the technique involves the
evanescent illumination of the nanoparticles, scattered light is collected with a
high-magnification microscope objective and analyzed by a spectrometer. Using
the microscope, the AgNP of sharpest spectral features can be selected from the
field of view to guarantee a high S/N ratio (11, 13, 101, 102). The selectivity
of both types of LSPR sensors is conferred by the surface functionalization of
AgNPs with the required recognition probes. The LSPR is measured before and
after analyte binding, a spectral red-shift is usually observed due to the increase
in the medium’s refractive index, and the magnitude of the shift is correlated with
the analyte concentration (24).

A number of LSPR sensors based on NSL-fabricated arrays of triangular
AgNPs were investigated. These platforms were demonstrated to have great
selectivity and sensitivity, with detection limits in the low picomolar to high
femtomolar range (103). Haes et al. developed – for the first time- an ultrasensitive
LSPR sensor-based sandwich immunoassay for the diagnosis of Alzheimer’s
disease. The assay is based on the detection of amyloid β derived diffusible ligands
(ADDLs), which were recently proposed as sensitive biomarkers for Alzheimer’s
disease. The LSPR sensor comprises triangular AgNPs (width = 90 nm and height
= 25 nm, with an effective sensing distance of ~35 nm) upon which a mixed SAM
of 1-octanethiol and 11-mercaptoundecanoic acid molecules are immobilized
activating the AgNPs surface for further functionalization by the anti-ADDL
antibodies. Incubation of the sensing platform with ADDL is associated with a
Δλmax value which is further amplified by exposure of the sample to secondary
anti-ADDL antibodies that form the sandwich immunoglobulin-antigen complex.
The assay was shown to be specific to ADDL, allowing for analyte quantitation
(concentrations down to 100 fM were detected) and was applicable to clinical
samples from brain extracts and cerebrospinal fluid to differentiate Alzheimer’s
patients from controls (104, 105). Yonzon et al. developed an LSPR sensor for
investigating protein-carbohydrate interactions. Mannose-functionalized AgNPs
arrays were used to detect the lectin Concanavalin A (Con A) in solution; the
real-time binding kinetics and the selectivity of this biosensor were established.
The group also fabricated a multiplex LSPR carbohydrate-sensing chip where
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the simultaneous binding of Con A to mannose and galactose functionalized
SAMs were probed (106). An interesting approach for enzyme-based glucose
detection using an LSPR biosensor was reported by Endo and co-workers where
the sensing platform comprised a stimuli-responsive hydrogel–AgNPs composite
immobilized upon a glass substrate. Hydrogels undergo reversible changes in
their volume in response to certain stimuli. The glucose oxidase enzyme (GOx)
molecules were incorporated into the composite hydrogel; in presence of glucose,
GOx catalyzes glucose turnover forming reduced flavin adenine dinucleotide
(FAD) and gluconic acid, such recognition event increases the osmotic pressure
within the hydrogel and it swells increasing the mean interparticle separation. The
LSPR spectral shifts are probed by UV/Vis spectroscopy; the limit of detection
associated with this biosensor is 10 pM (107).

LSPR shifts can be maximized via a number of strategies that affect the m,
ld and Δn parameters of equation 2. Examples of such strategies include the use
of rhombic AgNPs arrays sensing platforms which were demonstrated to offer
superior refractive index sensitivity than triangular AgNPs (108, 109) and using
AuNP-labeled antibodies for detecting AgNP surface-bound analytes which was
shown to provide for a 400% amplification in LSPR shift (110). A few more
examples on AgNP-based LSPR biosensors are listed in table II.

Surface-Enhanced Raman Scattering-Based Biosensors

A number of approaches for utilizing SERS in biosensing have been
established. These approaches can be classified into label-free approaches, and
approaches that employ Raman labels (12). Label-free approaches involve the
direct interaction of the Raman-active analyte with the MNP surface; specificity
can be conferred by conjugating the MNP with target-specific functionalities. The
target analyte is detected via analyzing the Raman spectrum before and after its
capture (12, 24).

SERS label-based approaches on the other hand detect the analyte with the
aid of Raman labels – mostly aromatic nitrogen or sulfur-containing compounds
with strong Raman scattering properties. These molecular labels are coated onto
the nanoparticle’s surface via the affinity of their N and S containing moieties
to the metal element. The coating strategy enables the control over the number
and density of Raman labels and thus the enhancement factor and sensitivity of
detection. The Raman labels are enclosed by a shell of a dielectric material like
silica, titania or a polymeric material which stabilizes the core/shell structure,
retains the Raman labels preventing their desorption and increases analyte
specificity (12, 24).

Silver nanostructures were demonstrated to exhibit superior enhancement of
SERS signals as compared to gold, copper and other plasmonic materials (up to
1014 -1015 enhancement factors) thus silver nanostructures have been thoroughly
studied as substrates in SERS experiments for ultrasensitive biosensor applications
(23, 115–119).
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Table II. Summarizes a few more examples of AgNP-based LSPR biosensors

Sensor
configuration

Platform/Target Performance References

Triangular AgNPs
array, functionalized
with monoclonal
mouse anti-p53
antibodies.
Detection of serum
p53 protein which is
involved in head and
neck squamous cell
carcinoma (HNSCC).

Significant diagnostic
value in differentiating
HNSCC patients from
healthy volunteers

(111)

NSL-fabricated AgNPs
array functionalized
with anti-human
albumin antibody.
Used for the detection
of microalbuminuria

LOD: 1 ng/ml,
The biosensor can detect
albumin concentrations
in a wide dynamic range
from 1 ng/ml up to 1
μg/ml.

(112)

AgNPs arrays on
solid substrates

Triangular Au/Ag
hybrid nanoparticles
array; functionalized
with monoclonal
mouse anti-SEB
(Staphylococcus aureus
enterotoxin B) IgG
antibodies.
Used for the detection
of SEB.

SEB detection at a
concentration of 1 ng/ml
in 1 minute was achieved.
The detection system
costs 1/30th of the
commercialized SPR
instruments.

(113)

Single-
nanoparticle
sensors

Ag nanodots of ~2.6 nm
in diameter conjugated
to monoclonal
antibodies (MABs)
Used for sensing and
imaging of tumor
necrosis factor (TNFα);
and probing its binding
kinetics to the MABs
in real time.

Single TNFα molecules
were detected with an
unprecedentedly high
sensitivity and selectivity,
with a wide dynamic
range (0-200 ng/mL).
The Ag nanodot
sensors resist
photodecomposition and
blinking with remarkable
photostability for hours.

(114)

Label-Free SERS Biosensors

Metal film-over-nanospheres (MFON) substrates constitute remarkably
robust and stable SERS-based detection platforms. These substrates are fabricated
by nanosphere lithography (NSL) and optimized for maximizing their SERS
response by controlling the nanospheres core diameter, the metal film thickness
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and the interparticle separations, which collectively reflect on the distribution
of the roughness features and consequently the emergence of ‘hot spot’ regions
(120). The development and optimization of silver film over nanospheres
(AgFON) SERS substrates were reported and demonstrated to be used in two
applications: the detection of the anthrax (Bacillus anthracis) biomarker calcium
dipicolinate (CaDPA) (121) and glucose (122) in bovine plasma. In an attempt to
maximize the SERS signal enhancement, for both experiments the AgFON was
optimized so as the LSPR extinction maximum falls in between the excitation and
Stokes wavelengths. Near Infrared (NIR) laser excitation radiation was used in
both experiments to reduce noise from the biological background. The adjustment
of LSPR in accordance with the excitation laser wavelength was done by changing
the diameter of the nanospheres; and the LSPR of nearest wavelength to the NIR
excitation wavelength dictated the choice of the optimum nanospheres diameter.
The detection dielectric media must be considered in this optimization procedure
because the LSPR depends on it. CaDPA detection is conducted in air while
glucose detection is conducted in an aqueous medium. The AgFON substrate in
CaDPA sensor comprises nanospheres of diameter of 600 nm and Ag thickness
of 200 nm, while the glucose sensor comprises nanospheres that are 390 nm in
diameter. The SERS-based detection is dependent on the affinity of the analyte
in either case to the AgFON substrate. CaDPA of the anthrax spores exhibits
such affinity, however, glucose does not. In the glucose sensor, the AgFON is
surface-modified with a mixed self-assembled monolayer (SAM) of decanethiol
(DT) and mercaptohexanol (MH). This mixed SAM exhibits both hydrophilic
and hydrophobic properties allowing the glucose to partition within it and reach
the substrate surface. The CaDPA sensor was demonstrated to achieve superb
limits of detection of the anthrax spores, where sub-infectious dose levels (around
2.6 x 103 spores) were detected in 11 minutes. Such results provide a rapid,
real-time, on-site sensing strategy that is 200 times more sensitive than previous
CaDPA SERS detection assays (121, 123). In another study, the detection limit
was improved (up to 1.4 x 103 spores) by functionalizing the AgFON surface
with a layer of alumina, which happened to improve the stability and the binding
affinity to CaPDA (124). As for the glucose sensor, it was demonstrated that the
DT/MH-modified AgFON SERS substrate for sensing glucose yields accurate
measurements even in presence of interfering analytes. It was tested in bovine
plasma to simulate the in-vivo conditions similar to the case where the sensor is
implanted under the skin in the interstitial fluid (123).

Raman Label-Based Biosensors

Despite its superior optical properties, colloidal silver in solution suffers from
lack of monodispersity and low stability against aggregation that may compromise
the efficiency of its assays (3, 125, 126). On the other hand, AuNps form colloidal
solutions with narrow size distribution and long-term stability, but exhibit
relatively modest optical properties. In order to overcome the limitations of both
nanoparticles and to synergistically benefit from their combined properties, there
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is a trend toward synthesizing composite Au/Ag nanostructures and tuning their
structural parameters in order to upgrade their analytical performance such as in
SERS-based detection experiments (82).

Ji et al. presented one of the earliest reports on the use of Au/Ag core-shell
Raman probe-labeled nanoparticles in a sandwich-type immunoassay for the
detection of Hepatitis B Virus surface antigen (HBsAg) by SERS spectroscopy.
Monodisperse 28 nm-sized Au/Ag core-shell nanoparticles were prepared
and then functionalized with anti-HBsAg monoclonal antibodies along with
p-mercaptobenzoic acid (MBA) as the Raman label; these particles comprise the
SERS tags in solution. Polyclonal HBsAg capture antibodies are immobilized
on a silicon support that is modified with (3-amino-propyl) trimethoxysilane
SAM. Applying the HBsAg-containing sample to the silicon chip along with
the Au/Ag core-shell nanoparticle Raman tags is followed by chip rinsing and
SERS measurement. As shown in Figure 6, using the Au/Ag nanostructure was
demonstrated to exhibit superior Raman enhancement factor as compared to pure
nanogold and thus is considered as a promising SERS substrate for conducting
high-sensitivity immunoassays (125).

Figure 6. The SERS spectra of Raman tags based on (a) immuno-Au/Ag core-shell
NPs, (b) immuno-AuNPs with silver enhancement, and (c) pure immuno-AuNPs.
Reproduced with permission from reference (125). Copyright 2005 Elsevier.

A similar study was conducted by Lu et al.; however unlike Ji et al.’s approach
where the Raman label is directly functionalized to the NP, the Raman label in
this case (the p-aminothiophenol, pATP) was incorporated into the core-shell
structure in an intermediate step between the AuNPs synthesis and the Ag shell
deposition producing what was called p-aminothiophenol embedded Au/Ag
core-shell nanoparticles. The enhancement of the SERS signal from the Raman
tag was demonstrated to be superior to AuNP-pATP; moreover the enhancement
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factor was correlated to the thickness of the Ag shell and maximum SERS signal
was attained at a 10 nm thickness of the Ag nanoshell. As the Ag shell thickness
increased, the SERS signal enhancement increased up to a certain thickness
value and then declined. This was explained by the fact that the intensity of the
SERS signal is a function of the presence of ‘hot spots’ of local electromagnetic
field enhancement; in the Ag shell these ‘hot spot’ regions existed at pinholes
and cervices developed on the deposition of the Ag shell. The existence of
such nano-features in the Ag shell is most pronounced at the beginning of Ag
deposition and increases with the Ag nanoshell formation up until a certain
point where such features start to disappear as the nano-shell smoothens. This
pATP-Au/Ag core-shell SERS tag was used in a sandwich immunoassay of the
same principle as the one reported by Ji et al. for the detection of Muramidase
Released Protein (MRP) which is a significant biomarker for Streptococcus suis
type 2 (SS2) –an infectious bacteria of humans and swine. The high SERS activity
of the developed SERS tag enabled the highly sensitive detection of MRP with a
detection limit as low as 1 pg/ml (126). Ag core-Au shell SERS tags have also
been developed and optimized for SERS-based biosensing (127, 128).

SERS-based hybridization assays employing AgNPs have also been
investigated. Possible approaches for the use of MNPs in SERS-based nucleic
acid detection are illustrated in Figure 7.

Zhang and coworkers reported the development of a SERS-based DNA
detection assay that allows for multiplexing. The detection strategy is
based on the emergence of SERS signals on the aggregated assembly of
oligonucleotide-functionalized AgNPs in solution when the target sequence is
present, resulting in multiple ‘hot spots’ of pronounced local electromagnetic field
enhancement (129). In order to guarantee the stability of the AgNP-SERS probes,
they were functionalized with triple cyclic disulfide-capped DNA molecules
which were demonstrated to form DNA-AgNP conjugates of superior stability as
compared to those functionalized with mono-thiol capped DNA (83). Two sets
of functionalized AgNPs are used: the first set comprises AgNPs conjugated to a
layer of mixed DNA probes that are complementary to multiple targets, but only to
half of each sequence. The second set of AgNPs is conjugated to thiolated Raman
labels (4-aminothiophenol, 6-mercaptonicotinic acid and 2-mercaptopyrimidine),
and probe DNAmolecules complementary to the other half of the target sequences
under investigation (each AgNP of this set has just one type of Raman label and
probe). In absence of the target sequence, the two sets of AgNPs are at distance
from each other; the SERS signals corresponding to individual AgNPs is rather
weak and appear as insignificant background SERS signals: the ‘off-state’. If the
target sequence is present, hybridization of the complementary probes of both
sets to their respective target sequences takes place bringing the nanoparticles
into an aggregated state associated with a dramatic enhancement of the SERS
signals: the ‘on-state’. The assay displayed sufficient resolution to discriminate
and distinguish the SERS peaks of the different target sequences present in the
sample thus proving its capability to serve as a rapid, efficient, and reproducible
multiplex assay that could simplify DNA detection processes, reduce the amount
of sample and reagents needed and consequently the assay cost. An illustration of
the principle of this assay is shown in Figures 8 and 9 (129).
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Figure 7. SERS-based nucleic acid detection approaches: (a) Target is Raman
tag-labeled and directly detected on hybridization to the complementary NP
probe (b)NP array substrate is used for SERS-based detection either (i) directly
with Raman tag-labeled target or (ii) with the aid of a secondary conjugated
NP to enhance detection sensitivity (c) Molecular beacon design detecting
hybridization to target by reduction in SERS signal. Adapted with permission

from reference (12). Copyright 2011 Elsevier.

Vo Dinh and co-workers reported a novel SERS probe based on a molecular
beacon design that measures the decrease in SERS signal; this novel probe was
termed Molecular Sentinel probe (MS). An MS probe is based on a nucleic acid
that is conjugated with a Raman label at one end, and thiol-linked to the AgNP
at the other. The MS probe exists in a hairpin configuration where the SERS
signal is at maximum due to the proximity of the AgNP to the Raman label. In
the presence of the target nucleic acid, hybridization takes place and the MS probe
opens separating the AgNP and the Raman label from one another and diminishing
the SERS signal. The principle of the MS probe is depicted in Figure 10. The MS
probe was demonstrated to exhibit high specificity, selectivity and capability of
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multiplexing; such probes were used to detect the gag gene sequence of the human
immunodeficiency virus type 1 (HIV-1) and BRCA-1 gene of breast cancer (131).
A few more examples of AgNP-based SERS biosensors are listed in table III.

Figure 8. An illustration of the multiplex SERS detection system. (a)
Functionalization of one set of AgNPs with mixed DNA probes, (b) conjugating
the other set of AgNPs with the Raman labels and the rest of the DNA probes,
(c) the sandwich hybridization assay system for the detection of one (i), two (ii)
and three (iii) DNA targets. Reproduced with permission from reference (129).

Copyright 2011 The Royal Society of Chemistry.
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Figure 9. A bar-code representation of the SERS spectra for the different
hybridization scenarios: I, II and III represent single-target detection. (II +
III), (I + III) and (I+II) represent two-target detection. (I + II + III) represent
three-target detection. Reproduced with permission from reference (129).

Copyright 2011 The Royal Society of Chemistry.

Fluorescence Modulation-Based Biosensors

Several silver-based nanostructures have been observed to exhibit remarkable
enhancement in fluorescence intensity and resonance energy transfer and therefore
were utilized in MEF and RET-based biosensors.
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MEF-Based Detection

A number of silver nanostructures have been synthesized and investigated
for their MEF performance by Lakowicz and coworkers; one example
is silver island films (SIFs), which comprise AgNPs of sub-wavelength
dimensions and heterogeneous morphologies deposited on a glass substrate
(136). A SIF nanostructure was developed by Sabanayagam et al. to
increase the sensitivity of DNA hybridization fluorescence-based detection on
microarrays. SIF is grown by the deposition of silver ions on a slide coated
with MPTS (3-mercaptopropyltrimethoxysilane), which imparts affinity to silver.
Heterogeneous Ag islands (in size and shape –mostly elongated) form upon the
substrate with diameters in the range of 50-100 nm and an average diameter of
~80 nm. The SIF substrate is then biotinylated and functionalized with avidin.
Single-stranded biotinylated capture probes were immobilized on the SIF substrate
via binding to avidin and then exposed to dye-labeled complementary targets;
the dyes employed in this experiment are Cy3 and Cy5. Surface hybridization
brings the fluorophore in proximity to the SIF and fluorescence enhancements
of ~10 fold for Cy5 and ~3 fold for Cy3 were observed (Φ0 is smaller for Cy5).
The MEF effect was found to depend on the probe density and hence the surface
dye concentration; MEF increases up till a certain concentration beyond which
hybridization of more dye-labeled strands becomes sterically and electrostatically
hindered. On the other hand, enhancements of up to ~28 fold for Cy5 and ~4
fold for Cy3 were observed when the probe-target hybridization occurred before
immobilization upon the SIF substrate, which concentrated the labeled DNA
bound to the surface (39). Using fluorophore-conjugated dendrimers as secondary
probes was shown by Stears et al. to exhibit a 16-fold detection sensitivity as
compared to linear probes; which could significantly improve the sensitivity of
microarray DNA detection (137). Such system is suggested for use in APEX
(arrayed primer extension) assays for genotyping purposes, encouraged by the
fact that the SIF can withstand highly stringent conditions such as elevated
temperatures and high salt buffers. It was proven in this investigation that SIF
substrates are superior to glass-substrate assays guaranteeing spotting uniformity
and thus simpler analysis, high detection sensitivity and robustness (39). An
illustration of solid-phase MEF assays is shown in Figure 11.

SIF-based enhancement of fluorescence was not only applied to extrinsic
fluorescent dyes, but also to biomolecules of intrinsic fluorescence such as DNA.
Each DNA nucleotide residue has a UV absorbing base that could fluoresce;
however when it does, the fluorescence is extremely weak due to the dominance
of the non-radiative decay paths. The use of MEF for DNA fluorophores has been
reported and used in applications such as DNA single-strand sequencing (35, 37,
138).
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Figure 10. SERS-based molecular sentinel (MS) nanoprobes. Left: closed-state,
right: open-state. Reproduced with permission from reference (130). Copyright

2009 IOP science.

Figure 11. A schematic representation of solid-phase silver-enhanced-
fluorescence assays for nucleic acid detection. Reproduced with permission from

reference (82). Copyright 2011 Elsevier.
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Table III. Summarizes a few more examples on AgNPs-based SERS
biosensors

Type of SERS
biosensor

Platform/Target Performance Reference

Ag nanoclusters on
anodic aluminum oxide
(AAO) template
Detection of Bovine
serum albumin, cardiac
troponin T and IgG.

LOD: 3 ng/ml (132)

Label-free
AgNPs distributed upon
an anatase (TiO2) film.
DNA detection.

Reliable detection of
hybridization based
on specific changes
of the DNA Raman
line intensities that
differentiate ssDNA
from dsDNA.
Spatially addressed
DNA detection was
possible.

(133)

Ag/SiO2 core-shell
nanoparticles embedded
with rhodamine
B isothiocyanate
dye molecules and
functionalized with
α-fetoprotein (AFP)
polyclonal antibodies.
Detection of AFP
for the diagnosis
of hepatocellular
carcinoma via a
sandwich immunoassay.

LOD: 11.5 pg/ml
and concentrations
of human AFP up
to 0.12 μg /ml were
detected.

(134)

Raman label-based
Composite Organic-
Inorganic Nanoparticles
(COINs) based on
Ag nanoclusters
encapsulated in a
layer of BSA and
glutaraldehyde; the
Raman label is Basic
Fushin.
The COINs are
functionalized with
Prostate specific antigen
(PSA) antibodies.

The COIN-antibody
conjugates showed
high Raman intensity
and offered the
capability for
multiplexing and
tissue-imaging
applications
without enzyme
amplification.

(135)

Continued on next page.
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Table III. (Continued). Summarizes a few more examples on AgNPs-based
SERS biosensors

Type of SERS
biosensor

Platform/Target Performance Reference

Mapping of PSA in
tissue samples.

Figure 12. An illustration of the SIF substrate upon which the BSA-avidin
monolayer is deposited. Fl-DNA or Fl-DNA(Fl)4 were captured to avidin

using the complementary oligonucleotides. Reproduced from reference (139).
Copyright 2003 American Chemical Society.

In addition to improving the intrinsic quantum yield from fluorophores,
SIF substrates are also employed to overcome problems encountered with
some fluorophores such as photoblinking and self-quenching. Self-quenching
is observed with some dyes such as fluorescein and rhodamine when used in
multiple labeling of probes to amplify their signals. Despite their high extinction
coefficients and quantum yields, the excited state of these fluorophores relax
non-radiatively by RET to another residue of the same type (homo RET), a
consequence attributed to the small Stokes-shift of the dye’s emission spectrum
from its absorption profile which leads to their overlap. Self-quenching
compromises the sensitivity of the assay and it needs to be overcome. Proximity
to SIF at an optimal distance was shown to avoid self-quenching of multiply
labeled DNA oligomers and increase their fluorescence intensity. Two sets of
fluorescein labeled oligomers (23 basepairs) were hybridized to biotinylated
complementary probes immobilized on an avidin-BSA (bovine serum albumin)-
coated SIF substrate (Figure 12): one set was labeled with one fluorescein residue
(F1-DNA) and the other set was labeled with 5 fluorescein residues (Fl-DNA
(Fl)4 – one residue is conjugated to the 3‘end and the rest are distributed along the
oligomer’s length) (139). The BSA-avidin coat provides the optimal separation
distance of ~90 Å between the fluorescein and the metal surface that maximizes
the fluorescence enhancement (140). When compared to immobilization on a
quartz substrate without silver, the enhancement of fluorescence for fluorescein
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was found to be 7-fold for F1-DNA and 19-fold for Fl-DNA (Fl)4. The more
dramatic enhancement for the Fl-DNA (Fl)4 is attributed to its lower quantum
yield in solution. The release of self-quenching is due to the increase in radiative
decay rate Γm contributed by the silver metal. Moreover, dye photostability
was increased on SIF substrates due to decreased lifetimes; and high S/N
ratios were obtained. The high sensitivity and cost-efficiency of this detection
method encourage its wide use in DNA microarrays (139). The problem
of photoblinking of fluorophores such as quantum dots (QDs) was greatly
suppressed by immobilization near SIFs, which increased their ‘on’ time and their
fluorescence intensity (141).

SIF substrates were also used to improve the sensitivity of immunoassays by
either enhancing fluorescence from the labeled antibody or the labeled protein.
A sandwich immunoassay for the detection of the cardiac biomarker myoglobin
was investigated by utilizing fluorophore labeled antibodies and a SIF substrate.
Anti-myoglobin antibodies were immobilized upon the silver particles of SIF and
the myoglobin in the sample was captured. Incubation in fluorophore labeled
anti-myoglobin antibodies was followed by the detection of fluorescence signals
that were 10-15 times larger than those observed upon a glass substrate alone. The
format of this immunoassay allowed for detection limits below 50 ng/mL; which
corresponds to half the clinical cut-off level of myoglobin in healthy individuals
(142). Ultrabright signals from highly labeled proteins such as fluorescein
isothiocyanate labeled Human Serum Albumin (FITC-HSA) were obtained due to
release of self-quenching at optimized proximity to a SIF substrate. The emission
from this configuration was found to be 17 times larger than in absence of SIF
(143).

Recent studies have demonstrated that silicon wafers could also support
MEF (144); which suggested that the use of SIF on silicon chips as substrates for
hybridization assays and immunoassays should maximize the assay sensitivity
and S/N ratio. Li et al. investigated the fluorescence enhancement of four
dyes: green fluorescent protein (GFP), Alexa Fluor 555 (AF555), phycoerythrin
(PE) and Cy3, upon AgNPs-coated silicon-based electronic chips (p-Chips)
in improving the detection sensitivity in interleukin-6 (IL-6) immunoassay
and in a hybridization assay. The four fluorophores exhibited from 5-50 fold
enhancements in fluorescence which means that the performance of the platform
is not dye-specific and could therefore be extended for different systems. For
the immunoassay, a sensitivity of 4.3 pg/ml was established which is 25 times
larger than in the absence of SIF and within the healthy range of IL-6 in the
human body. For the hybridization assay, the sensitivity was 0.05 nM which
is 38 times larger than in the absence of SIF. The SIF-p-Chip substrate can
support highly sensitive hybridization assays and immunoassays in addition to
its multiplexing potential (145). Silver colloids (monodisperse spherical silver
nanoparticles) immobilized on substrates have also been used for similar purposes
and fluorescence enhancements of some visible dyes up to 17 fold were reported
which were superior to SIFs in the same settings (146).

In contrast to the difficult control over the fabrication of a solid-state MEF
substrate such as SIF, preparation of colloidal silver suspensions is relatively
simple and easily controllable yielding rather monodisperse and spherical particles
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in suspension. One would resort to colloidal suspensions instead of solid-phase
structures when aiming at in-vivo imaging applications where injection of the
AgNPs is needed; such as in retinal angiography for example, where the AgNPs
enhance the quantum yield and photostability of the associated dyes (138, 142).
Aslan and coworkers were the first to report that solution phase SiO2-coated
silver nanoballs (Ag@SiO2) achieved a 3-5 fold enhancement of fluorescence
signals from Cy3 on their aggregation as compared to unaggregated/unlabeled
systems. The aggregation was based on the binding of the biotinylated nanoballs
with streptavidin-conjugated Cy3 in solution. The silica shell protects the surface
plasmon absorption of silver, alleviates quenching of fluorescence by nearby metal
nanoparticles, controls the metal-fluorophore distance for maximum enhancement
and serves the purpose of surface functionalization with biomolecules by adjusting
the surface chemistry of the nanoballs (147, 148).

Such Ag@SiO2 nanoballs have been extended for use in sensing applications
but with a slight amendment in the architecture where the fluorophore is embedded
within the silica shell: MEF nanoballs. For developing high sensitivity solution-
phase bioassays and cellular imaging, Aslan et al. investigated MEF nanoballs
comprising silver nanospheres of ~ 130 nm in diameter and silica shells of up
to 35 nm in thickness for fluorescence enhancement of Rhodamine 800 (Rh800).
The hydrophobic Rh800 residues were embedded within the pockets of the silica
shell. A 20-fold enhancement in fluorescence intensity and 10-fold decrease in
fluorescence lifetime were observed with the MEF nanoballs of ~ 11 nm thick
silica shell as compared with the silver-etched control nanoballs. Such results
suggest the potential of a 200-fold enhancement in particle-detectability and thus
sensitivity (148).

Low-power microwave heating has been employed in MEF assays
(microwave-assisted MEF, MAMEF) in order to accelerate the kinetics of
molecular recognition events. MAMEF has been employed for the detection of
cardiac biomarkers like Troponin 1 in whole blood samples at a LOD of 0.05
μg/L in 1 minute (149, 150) and in a number of DNA-detection bioassays with
LODs below 50 nM and ultra-rapid performance (151).

Metal-Enhanced RET-Based Detection

Resonance energy transfer between donor fluorophores and acceptor
molecules is utilized for biosensing applications such as hybridization-detection
assays, DNA amplicons detection, DNA sequencing and molecular rulers. In the
presence of a SIF substrate, the rate of resonance energy transfer can be increased
along with an increase Förster distances which enables the use of RET in assays
employing large biomolecules such as immunoglobulins in immunoassays. For
a double-stranded calf thymus DNA labeled with a donor fluorophore and an
acceptor, the enhancement of Donor-Acceptor (D-A) RET by SIF substrates was
demonstrated to increase the Förster distance from 35 Å to 166 Å (152). Recently,
silver nanoparticles have been utilized as super nanoquenchers themselves and
were shown to yield very high sensitivity and S/N ratios in the detection of
biothiols in urine. (153).
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Silver Nanoclusters as Fluorescent Reporters

Nanoclusters are made of a few up to a hundred atoms, with a size
comparable to the Fermi wavelength of electrons and diameters below 2 nm.
Silver nanoclusters (Ag NCs) show special characteristics falling between atomic
and nanoparticle behavior. The small size of the nanoclusters results in the
loss of the continuity of the density of states and the discretization of electronic
energy levels making the emission of radiation possible and rendering them
fluorescent on photoexcitation. Besides their ultra-small size, allowing a high
surface area-to-volume ratio, Ag NCs have many advantages such as their good
biocompatibility and excellent photostability, allowing their use as fluorescent
labels in biological applications, especially with their facile surface tailorability
and color tunability (154). Fluorescent Ag NCs have been used to detect various
types of analytes, including metal ions, small biomolecules, proteins and nucleic
acids. Their synthesis is quite challenging due to their instability in aqueous
solutions toward further growth, and thus the use of templates and/or capping
agents is indispensible. Examples include DNA scaffolds, polymers, dendrimers,
polymer capsules and microgels (72). DNA-templated Ag NCs (DNA/Ag NCs)
represent an emerging class of fluorophores that is demonstrated to manifest
exceptional fluorescence properties as compared to conventional fluorophores.
DNA-templated nanostructures can be produced due to the interactions of metal
cations with DNA. Silver ions in particular have a high affinity to cytosine bases
on single stranded DNA, making DNA oligonucleotides good stabilizers for
preparing Ag NCs. Oligonucleotide-encapsulated Ag NCs can be produced using
NaBH4 as a reducing agent. NaBH4 allows 1-4 atom-NCs to bind to 12-base
oligo. Red and blue/green emitting Ag NCs can be prepared with 12-mer cytosine
as templates. The nitrogeneous bases have a great influence on cluster formation
and both base complication and cluster stability contribute to the type of DNA
encapsulated Ag NCs (155–158). Fluorescent Ag NCs based on DNA hairpins
can have their stability and fluorescence tuned by the number of cytosines in
the loop. Also, mismatched double-stranded DNA templates can be used for
site-specific growth of fluorescent Ag NCs (159).

Besides the advantages of DNA/AgNCs such as the great photostability and
brightness, an exceptional and not-well-understood property of DNA/Ag NCs has
been observed where their fluorescence color changes under certain surrounding
conditions; such a property has been exploited as a signal transduction mechanism
in biosensor applications. Yeh et al. reported that the red fluorescence of DNA/Ag
NCs can be enhanced up to 500-fold when nearby guanine-rich sequences, and
accordingly designed a DNA detection nanoprobe (NanoCluster Beacon, NCB)
that relies on the reversible conversion of the nanocluster from dark species to
bright red on target binding. The NCB strategy is simple, inexpensive and can
achieve extraordinarily high signal-to-background ratios (160). In contrast to this
‘light–on’ assay, DNA/Ag NCs probes were also used for microRNA detection but
the principle is different where target binding is associated with the diminishing
of the red fluorescence (161).
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Future Perspective

Theoretical and experimental investigations of the properties and fabrication
strategies of different silver nanostructures have gained a substantial momentum
over the past few years. The use of silver nanostructures in the biomedical field
is not limited to biosensors; silver nanostructures exhibit remarkable performance
as drug delivery platforms, therapeutic and antimicrobial agents. The trend is to
develop multifunctional, integrated and controllable systems that can perform
multiple tasks with high efficiency and reproducibility. Diagnosis and therapy
can be combined in the same theranostic platform; for example the drug-bearing
nanoparticle can be used in-vivo to target the diseased site, deliver/release the
drug and its opto-physical properties can be used to image it. AgNPs are being
studied as proliferation and survival enhancers in stem-cell research, as wound
healers and as anti-inflammatory, antiviral and anti-platelet agents (162). AgNPs
were found to be environmentally safe; their biological safety, though, is of
major concern especially for in-vivo applications and detailed toxicological
investigations of AgNPs are needed before their in-vivo applications can be
commercialized.
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molecular sensing properties, 352
NP stability assessment, 347
chloride electrolytes, 348

overview, 327
R6G, 352f, 353f
silver NPs, 330, 330f, 333f, 348f, 354f
acrylate-capped, 331
citrate-capped, 331

CP. See fluorescent conjugated polymers
(CP)

CPN. See conjugated polymer nanoparticles
(CPN)

CRET. See chemiluminescence resonance
energy transfer (CRET)

D

Dip-in polymerization, 321f
DNA-AuNP assembly, biomolecular
recognition, 122s, 123f, 124f

DNA biosensor
CP conformational effect, 93
FRET, 82, 89f

DNA intercalators, 89f
D-orbital vacancies, 348f

E

Electroactive SAM, 307f
Electrochemical immunosensor, 261f, 289f
Electrochemical immunosensor array,
biomarker detections, 190f

Electrochemical sensors, self-assembled
monolayers
electroactive SAM, 307f
ion-channel mimetic mode, 295, 296f
nanoparticle incorporation, 299, 300f
overview, 293
receptor immobilization, 297f
redox active monolayers, 304, 305f

Electrode surface modification
carbon nanostructured materials, 317
composites, 319
core-shell materials, 318
dip-in polymerization, 321f
enzyme-assisted recycling, 316f
glassy carbon, 319f
graphene, 320f
magnetic beads, 317f
metal-compound nanoparticles, 317
metallic nanoparticles, 314, 315f
nanoparticle structure, 323
overview, 313
oxygen reduction reaction, 322f

F

Fluorescence resonance energy transfer
(FRET), 1

Fluorescent conjugated polymers (CP)
A549 cells, 107f
AChE activity, 97f
α-thrombin detection, 95f
bioimaging application, 104
biological-revelant molecules, 102
cationic, 89f
charged substrates, 100f
ConA detection, 98f
CP 17, 104f
DNA biosensor
conformational effect, 93
FRET, 82, 89f

DNA detection, 88f, 89f
DNA intercalators, 89f
DNA sequences, 92f
drug delivery application, 104
enzyme assay, 100f
heterogeneous assays, 101
lysozyme detection, 90f
macrophage cells, 106f
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overview, 81
PFO/PG-Dox complex system, 109f
PNA hybridization, 102f
properties, 103
protein detection, conformational
change, 100

protein sensors, 96
FRET, 96

PT-COO disassembly reassembly
process, 101f

QTL sensor, 97f
SNP assay, 92f
water soluble, 83s, 87f

Fluorophore-displacement bacterial
detection array, 268f

FRET. See fluorescence resonance energy
transfer (FRET)

G

Glassy carbon, 319f
Glycan expression, biomarker detections,
181, 182f

Gold nanoparticles
amines, 149f
biocompatible charged interfaces, 159
calf thymus DNA, 167f
hyper-langmuirian linker-adsorption
model, 161

immunotherapy, 168
lipid-coated nanoparticles, 169
molecular dynamics simulations, 165,
166f, 167f

polyamine-capped AuNP
nanocarriers, 159, 161f, 162f

RELS spectra, 162f, 163f, 168f
building blocks, 169
cancer therapy, 157
CdTe nanowires, 170f
drug carriers, 148
electronic properties manipulation, 331,
332f
14 nm, 331
43 nm, 331

gene delivery, 149, 150f
image enhancers, 153, 154f
metal ion induced
apparatus, 237
bonding influence, 225, 227f, 228f
chemicals, 237
disassembly, 227
DLS characteristics, 233, 234f, 235f
high-affinity assembly, 215
HR-TEM images, 233f

local surface plasmon frequency
shifts, 209

low- vs high-affinity assembly, 230,
232s

low-affinity assembly, 212
overview, 207
procedures, 238
resonance elastic light scattering
spectra, 218f, 219, 221f, 222f, 223f,
231f, 232f

SP absorbance spectra, 211f
temporal evolution, 224, 224f, 226f
UV-Vis absorbance spectra, 212f,
213f, 214f, 216f, 217f, 229f, 230f

overview, 147
photodynamic therapy, 151
photothermal cancer cell destruction,
152f

theranostics, 155, 156f
tumor blood-vessel receptors, 158t
tumor cell-membrane receptors, 158t
UV-Vis absorbance profiles, 34f

Graphene, 320f

H

Heterogeneous sandwich immunoassay,
283f, 284f

Histidine-mediated phase transfer protocol,
semiconductor quantum dots, 62

Homogeneous immunoassay, biomarker
detections, 187f

I

Interleukin-6, 183, 184f
Ion-channel mimetic mode, 295, 296f

L

Luciferase assays, biomolecular
recognition, 127f

M

Metal-compound nanoparticles, 317
Metallic nanoparticles
aggregated, 45f
aggregated glucose sensing system, 46f
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benzotriazole
dyes, 40f
monoazo dyes, 38f

biomolecule detection, 35, 36
extrinsic detection, 35
intrinsic detection, 35

characterization, 42
common dye molecules, 38f
DNA hybridization efficiency
quantification, 43f

DNA sequences, 48f
FRET, 6f, 8f
functionalization, 36
biofunctionalization, 39
nanoparticle biosensor assembly, 40
reporter molecules, 36
stabilization, 37

functionalized, 47f
gold, UV-Vis absorbance profiles, 34f
IR-792 dye, 37f
localized surface plasmon resonance
applications, 45

optical biosensing, 15, 16f, 18f, 19f, 20f,
23f

overview, 1, 33
polymer dye, 41f
prostate tissue section mapping, 50f
ScFv-antibody functionalized nanotag,
51f

semiconductor quantum dots,
bioanalytical application, 2, 4f,
6f, 7f, 8f, 10f, 11f, 13f, 14f

SERS nanotag, 49f
surface-enhanced Raman spectroscopy
applications, 47

unaggregated, 45f
unaggregated glucose sensing system,
46f

MicroRNA-conjugated gold nanoparticles,
124, 125s, 133s

Molecular sensing properties, core-shell
nanoparticles, 352

N

Nanoparticles, different shapes
biosensor readout types, 282
assay conduct, 286f
assay proteinase activity, 286f
colorimetric, 290, 291f
electrochemical, 288
electrochemical immunosensor, 289f
heterogeneous sandwich
immunoassay, 283f, 284f

localized surface plasmon resonance,
284

nanoparticle cluster arrays, 284, 285f
optical biosensing platform, 286f
silver nanoparticles, 290f
surface-enhanced Raman
spectroscopy, 282

ZnO-Au nanocomposite based
biosensor, 287f

overview, 281
Nanoparticle stability assessment, 347
chloride electrolytes, 348

NEANA. See nicking endonuclease
assisted nanoparticle amplification
(NEANA)

Nicking endonuclease assisted nanoparticle
amplification (NEANA), 245f

NMN. See noble metal nanoparticles
(NMN)

Noble metal nanoparticles (NMN)
absorption spectroscopic analysis, 242
cocaine, colorimetric detection, 246f
colorimetric logic gates, 250f
Cu2+ detection, 254f
DNA-conjugated AgNP, 251f
enzymatic reactions, 252f
NEANA, 245f
thrombin, colorimetric detection, 248f

electrochemical analysis, 256
DNA sensing systems, 259f
electrochemical immunosensor, 261f
electron transfer, 261f
hydrolysis, 257f

fluorescent analysis, 264
DNA detection, 267f
fluorophore-displacement bacterial
detection array, 268f

overview, 241

O

Oligonucleotide-functionalized Ag/Au
core-shell, 379f

Oxygen reduction reaction, 322f

P

Photothermal cancer cell destruction, 152f
Prostate specific antigen, biomarker
detections, 185, 186f, 187f

414

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
35

.4
2 

on
 N

ov
em

be
r 

27
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 N
ov

em
be

r 
26

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
2.

ix
00

2

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Q

QD. See semiconductor quantum dots
Quantum dots (QD). See semiconductor
quantum dots

R

Receptor immobilization, 297f
Redox active monolayers, 304, 305f
R6G, 352f, 353f

S

Semiconductor quantum dots, 2, 4f
absorption spectra, 69f
biofunctionalization, 66
2D NMR, 65f
FRET, 67f, 68f, 70f
functionalization, 63s
firefly proteins, 70
histagged proteins, 69

histagged streptavidin, 66f, 68f
histidine-mediated phase transfer
protocol, 62

1H-NMR, 64f
ligand exchange, 60t
overview, 59
PL emission, 69f
spectral properties, 67f
TEM micrographs, 70f, 71f

Silver-coated magnetic particles,
biomolecular recognition, 135, 136s,
137f

Silver nanoparticles, 290f
electronic properties manipulation, 330,
330f, 333f, 348f, 354f
acrylate-capped, 331
citrate-capped, 331

Silver nanostructures
biosensors, 377, 381t
fluorescence modulation-based
biosensors, 390, 392f

LSPR shift-based biosensors, 378,
384t

SERS-based biosensors, 383, 386f,
388f, 389f, 390f, 392f, 393t

characterization, 376
cooperative binding properties, 377f
coralyne, non-cross-linking colorimetric
detection, 380f

functionalization, 376
oligonucleotide-functionalized Ag/Au
core-shell, 379f

optical properties
local field enhancement, spectroscopic
signals, 365

surface plasmon resonance, 360, 361f
UV-Vis extinction spectra, 364f

overview, 359
SIF substrate, BSA-avidin monolayer,
394f

synthesis, 370
colloidal dispersions, 370
substrate-immobilized, 375

T

Tau protein, 180, 181f
Thrombin, colorimetric detection, 248f
Tumor blood-vessel receptors, 158t
Tumor cell-membrane receptors, 158t
Tumor necrosis factor α, 185

Z

ZnO-Au nanocomposite based biosensor,
287f
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