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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
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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 Socie
ACS Symposium Series; American Chemical Society: Washington, DC, 2012.
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of PbZ*-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 HgZ*-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 (/-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 (/0-15).
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 (1/6) or DNAs (/7). 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 R, is the Forster radius), Eq. 1. The Forster radius R, 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). QYp corresponds to the luminescence quantum yield of the
donor fluorophore, n is the refractive index of the medium, and J(A) represents
the overlap integral that provides a quantitative measure for the donor-acceptor
spectral overlap. The overlap integral is calculated by Eq. 3, where ga(}) is
the extinction coefficient of the acceptor and Fp(X) is the normalized emission
spectrum.

Rotr (Eq. 1)

8.8x107°K*QY, J (1)
Ro :i/ 4 o

" (Eq. 2)

— [0 4
J(D)=F e,( D (M)A dA (Eq. 3)

6

_ nR,
nR+r (Eq. 4)
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Figure 1. (4) 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 Forster distances separating the donor and the acceptor range
between 2 and 8 nm. FRET signals are detectable up to about twice the Forster
distance separating the donor-acceptor pair. If, however, the acceptor unit
is tethered to nxdonor 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 Rg and R represent the van-der Waals
distance and the real distance separating the donor-acceptor pair, respectively, B
is the electronic coupling constant, AGy is the free energy change associated with
the electron transfer process, and A is the reorganization energy accompanying the
electron transfer process

~B(R-Ry) 1 —(AG"+A)2 142K, T

Ar* .
K=CTwe " oxre (Eq. 5)

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 (/8, 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.
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Figure 2. Probing the activity of casein kinase (CK-2) using CdSe/ZnS ODs 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 (4). 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
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Amax = 560 nm and the enhanced fluorescence of Atto-590 at Amax = 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.
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Figure 3. (4) Optical detection of NADH by Nile-Blue-functionalized CdSe/ZnS
ODs. (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 ODs, where (a) HeLa cells treated with D-glucose; (b)
HelLa 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 ODs by different concentrations of cocaine. (4) 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 M 13 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 (37, 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 1x10-¢ 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.
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Figure 5. (4) Analysis of tyrosinase by methylester-tyrosine-functionalized
ODs 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
ODs 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 ODs upon analyzing the target DNA, (15), 1 uM.
(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-quadruplex was 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 (4/). 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 (4/). 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 H>O»
with the concomitant generation of chemiluminescence (A= 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 H>O» 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, Aem = 620 nm; Aem = 560 nm, and, Aem = 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.
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Figure 7. (4) 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 OQDs. (B) CRET luminescence
signals of the (16)-functionalized QDs upon analyzing variable concentrations
of (17) according to (4). (C) Multiplexed analysis of three different analytes
(17), (18) and (19) by different sized ODs 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
ODs 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. (4) Amplified analysis of the target DNA, (23), using Exo Il 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 IIl 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
ODs and Exo Il 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 InM 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 InM 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
111, 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 IlI-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 Ill-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 (5/-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.
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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 uM; (c) 20

uM; (d) 50 uM; (e) 110 uM; (f) 180 uM; (g) 300 uM. (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 AuCly- 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 H>O, that reduced AuCls 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 H>O», 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 AuCls— salts to form Au®
NPs, Figure 9(D). For example, L-tyrosine was hydroxylated by tyrosinase/O»
to form the L-DOPA component. The product reduced, then, AuCls 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 AuCly-, 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).
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Figure 10. (4) Analysis of Pb?*-ions through the Pb?*-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 Pb?*-dependent DNAzyme, [Pb?*] = 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 Pb?* 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 8 =61.5°, observed upon analyzing
different concentrations of the target DNA according to (4). (D) Calibration
curves corresponding to: (a) The reflectance changes upon analyzing different
concentrations of the target DNA according to (4); (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*, Cu?* or UO2* ions (98—101), or
histidine (/02) 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 (A = 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 (A =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 5x10-7 M.
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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 CuCl,. (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 (/09) 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” (/06). 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
(Hg?*) 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 (//4).
The 1,4-dihydronicotinamide adenine dinucleotide cofactor (NADH) was found
to catalyze the reduction of Cu?* 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. Akmax = 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 Cu?* 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 Ahmax
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.
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Figure 13. (4) A DFM image of a HeLa cell containing AuNPs after incubation
with CuCly, 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
HelLa cell containing AuNPs that was pre-treated with Taxol, (10 uM), and then
with CuClz. 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 Cu?* 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 CuCl,. 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 Cu?*, 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 Cu?* ions, Figure 13(B). The inhibition
in the cell metabolism retards the formation of the NADH cofactor, leading to
the inefficient reduction of the Cu?* 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 (/15, 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 (//9-125). 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 (/26—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

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2012.



Downloaded by 89.163.35.42 on November 27, 2012 | http://pubs.acs.org
Publication Date (Web): November 26, 2012 | doi: 10.1021/bk-2012-1112.ch001

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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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 (/). 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 Socie
ACS Symposium Series; American Chemical Society: Washington, DC, 2012.
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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).

Absorbance (a.u.)

PR U S S S N T T S

300 400 500 600 700
Wavelength (nm)

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 (/7) 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 (/2) such as; sodium borohydride (73, 14),
tri-sodium citrate (/5), hydroxylamine (/6) and ethylenediaminetetraacetic acid
(17). Introduction of either suitable capping agents (/8—20) or illumination by
narrow wavelength light (2/-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.
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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
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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 (/9, 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 (67).

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 of metallic nanoparticles,
e.g. cytochrome ¢ 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 (77) and biotin
ligands (72).

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2012.



Publication Date (Web): November 26, 2012 | doi: 10.1021/bk-2012-1112.ch002

Downloaded by UNIV DE SHERBROOKE on November 27, 2012 | http://pubs.acs.org

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).
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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 and was an inexpensive
and more efficient alternative to the more common EDC/NHS coupling chemistry
(77). Meanwhile Schliicker 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).

Hydrophilic °
Carboxylate oH
groups
o)
Hydrophobic it

Chromophore
and surface ’ .
attachment N
group Q
NH

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.)

IL

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 Schliicker
et al. who developed a similar approach using modified mercaptobenzoic acid
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derivatives functionalized with silica precursors for the same result (§3). 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 (§9).

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, 917). 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).
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Figure 7. Quantification of DNA hybridization efficiency on a nanoparticle,
the fluorescent label (T) is 5'-fluoroscein. (Reproduced with permission from
reference (93). Copyright 2000 American Chemical Society.)
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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).

Although we 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 (/00, 101). Electron spin resonance (ESR) spectroscopy
has been used to probe the organization of mixed SAMs on nanoparticles (/02).
Thrombin digestion has been used to remove peptides from the surface of
nanoparticles followed by analysis using gel electrophoresis (/03). Differential
scanning calorimetry, contact-angle measurements, thermal desorption mass
spectrometry (/04), 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 regarded with 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 no method to definitively state how many 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 can measure 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 (/07).

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 (/08). 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).
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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 (/10).

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 (/17). 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 (//2). 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 (/73).
Changing the size of the gold nanoparticles or the concentrations of dextran and
Con A allows the available glucose detection range to be tuned (/74).

@ : Dextran ﬁ :Con A ® : Glucose

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 (//7) and enzymes
such as proteases (/18) and kinases (/79). In the case of endonucleases, the system
can be used to probe inhibitor activity (/20). 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 (/23). 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 to DNA detection 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 (/26) 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 (/28). 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 (/29), but a much more specific
approach has been reported that uses a complex functionalized nanoparticle
system (/30). 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 (/30). This is a nice demonstration
of the ability to multifunctionalize the surface of a nanoparticle to produce a
biological sensor.

O > nanoparticle

- Raman reporter dye
Y . Biorecognition site

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 (/3/) 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 (/32). Other species include
proteins (/33), cancer markers such as prostate-specific antigen (PSA) (/34) and
mucin protein MUC4 (/35) as well as viral pathogens (/36) 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 (/38). 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 (/38). 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 (/39).

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 (/37). 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 (/43), different reporter molecules allowed the differentiation of the cells.
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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-! 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. Schiitz
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 (/44). They
found that the suppressor was only abundant in the basal epithelium of benign
prostate tissues and not in other areas of the tissue (/44). Although this tissue
mapping was done on the surface of a section, the future potential of the technique
is clear.
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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 (/45, 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 (/46). 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 (/46), 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) (1/47).

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 (/48). The next big advance will be the ability to map nanotags within 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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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 (/—5). Since the seminal synthetic

reports (/, 2) the knowledge base for qdot synthesis a
photophysical properties has grown considerably (/-6).

nd the remarkable final
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
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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—7/). 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—/4). 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 (//-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 (Dj) of the
product. But a trade off to this is often a decreased QY, due direct binding to the
gdot 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 (/4-22,
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-B-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)

S-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 (549)
DHLA-sulphobetaine (6N
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)
B-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 Dy, 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 (§/—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—709), and this strategy has recently
been broadened by devising new functionalization strategies for programming
qdots with similar DNA-mediated reactivity (//0-114), were oligonucleotide
functionaliztion is achieved using classical carbodiimide (EDC) coupling
chemistry (/15), polyhistidine peptide DNA assembly (/8), and biotin-avidin
recognition (92, 93). Once functionalized, the interface can be probed using the
Forster (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 (//7—121), who first showed that bioluminescent enzymes
mutated from R. reniformis luciferase (Luc8) can be conjugated to qdots via
EDC coupling (/7). 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 'H NMR, and 2D NOESY and DOESY
'H 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.
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Scheme 1. An idealized schematic illustrating the qdot functionalization steps
reviewed. The OAm/TOPO-capped CdSe/ZnS (1-qdot) are first phase transferred
(4) 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 (/25). It is this
binding to divalent cations, such as Ni2*, that is the basis for polyhistidine based
purification of engineered proteins (/26). Moreover, in solution, 2 has been
shown to form a bis(L-Histidinato-N,N") complex with Zn2* cations, which
also chelate at the o-amino group and the N(2) of the imidazole ring, as shown
by crystal structure analysis (/27). 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 !H-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 (/29-733). 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 (/29-133). Figure 1 shows a
typical 1D 'H-NMR spectra for purified solutions of 1-qdot (i) and 2-qdot (ii).
The first observation is the significantly broadened 'H resonances compared to
the molecules themselves, which are a characteristic of surface bound molecules,
particularly those at nanoparticle interfaces (/29-7133). 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).

(ii)

©Zn\<)=W’//\§/,/\\\/\/\’\ 4 I
b
(i) % X - )

1]
/L
LR R I L N N £ 0 S I N O L L BN Y N T A L 22 S N WL S L o

okl

'H 3 (ppm)

Figure 1. The ITH-NMR results for 1-qdot (i) and 2-qdot (ii) after purification
and redispersion in CDCI;s (i) and D:O (ii) respectively. Insets: Illustration for
1 and 2 with labeled 'H 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 'H resonances at ~0.88 and =1.26 ppm, which
is consistent with the alkyl backbone of the 1-capping, namely methyl (/a) and
methylene (/b) protons respectively (see Fig. 1 inset). In addition, the 1¢ 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 (/b),
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 25- and 2a-proton
positions of 2, and resonances at ~6.97 (2¢) 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
Zn?* 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.

2b 2
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Figure 2. The 2D NMR results for 2-gdot after purification and redispersion in
D;0. 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 (/3/). 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 2¢ 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 (/27). 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 m?%/s which strong evidence for a dynamic bond due to
the similar diffusion coefficient (/27), when compared to the 0.57 x 10 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 109, which is consistent with the
diffusion of a particle through solution (129).

I1. 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 the N-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 (//0-114, 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"-biotinylated A-type (4 =5-CAG TGT AGA GAA TTT TT-Biotin-3") ssDNA at
amolar ratio of [4]:[Stv] = 4, and let to incubate in buffer, resulting in A/Stv-qdots.

[A]:[2-gdot] —

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,
Ix 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 [4]:[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 [4] (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 Forster
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 (/10-114, 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 (/42). 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).

1.0+ —=
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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 Ry = 61.0 A 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 £ = 21% was measured. The A/Stv-qdot was prepared at ratios in which a
maximum of 5 (£1) A-type ssDNA molecules 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 » ~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 ssSDNA 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 (42 = 5-AGA CAG
TGT AGA GAA (TTT)s-Biotin-3"). The A2/Stv-qdot was prepared via the methods
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described above, again with a coverage of 5 (+1) 42 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 » ~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 (10/-103, 108, 109, 137).

g 20x10°

15x10° 1

(a) (b)
@ @G 17
0 5
; E 101
@ @
8 &
E E

T T T 1 O T T T

500 550 600 650 700 500 550 600 650 700

Wavelength (nm) Wavelength (nm)

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

The A/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 A»/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 (47),
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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I11. 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 2 molecules. A
number of fluorescent proteins have been used as acceptors from qdots recently,
including Yellow (/6), mOrange (/43), and mCherry (/44), amongst others (/45).

This particular FRET system consists of the 2-qdot energy donors with PL
emission at 534 nm and QY of 25.5% and fagRFP with emission at 584 nm serving
as the FRET acceptor. The TugRFP 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.
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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 Ry of 52.5 A atn = 1.

A typical FRET profile between the 2-qdot and fagRFP 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 (Jiugrrp= 4.26 x 10-13 M-! cm3) we estimate the
qdot-to-RFP distance (r, center-to-center), of » ~ 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 (/45), giving a shortest acceptor
to donor distage of ~3.9 nm, a value that is close to ». 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.
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Figure 7. Representative emission spectra during a typical FRET experiment
between qdot donor with tagRFP atn =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, J.gx = 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-1) 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) (I/w = 3.1
0.5, 1= 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]:[OR] = 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 (/46). The PpyGRTS produced by Branchini and co-workers
serves as the bioluminescence donor (A = 546 nm) in the presence of LH>
substrates (/46—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 (A = 560 nm) at pH = 7.8 in the
presence of the substrates firefly (beetle) luciferin (LH2), Mg-ATP, and oxygen.
The Ppy-LH> combination is one of the brightest systems in nature and has one of
the highest known quantum yields for luciferases (41 + 7.4 % ) (1/48). 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 (/49). 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 (//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 Ax = 675 nm. The TEM micrograph of the qrod
reveals an aspect ratio (/w) of 3.1 £ 0.5 (/ =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 » values, as well as the more
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 from PpyGRTS. After spectral deconvolution, the BR of ~44.2 at L =5 was
calculated based on integration of emission areas. Interestingly, a decrease in BR to
32.0,24.4, and 17.8 was 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
Forster 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 (/17-121, 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 Forster distance (Rg), which due to a high spectral
overlap integral (Jore7s) = 1.19 x 10-11 M-1 ecm3), accounts a Rgp = 9.4 nm. By
comparison, traditional FRET systems using molecular fluorophores have Ry 3-5
nm, and qdot systems can account for a rise in Ry 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 LH> binding site at Ppy is located ~3.5
nm from the (His)s N-terminus of PPy (/57), and since the radius of this particular
grod is ~4.1 nm, the shortest donor-to-acceptor distance can be approximated as
r ~ 7.6 nm, well below the calculated Ry. Other factors, such as the length of the
grod, 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
grods 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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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 (/). 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
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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. Schemel 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 (/0), 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 (/) and modify the strategy to
detect single base mismatch by using S1 nuclease enzyme, fluorescein-labeled
PNA and CP 2 (/2). Additionally, Al Attar developed an improved single
nucleotide polymorphism (SNP) detection using CP/surfactant system and PNA
probes (73).

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2012.



Publication Date (Web): November 26, 2012 | doi: 10.1021/bk-2012-1112.ch004

Downloaded by UNIV DE SHERBROOKE on November 27, 2012 | http://pubs.acs.org

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 (/4).
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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 (/5) (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 complementary DNA (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 uM using a standard fluorometer (/5).

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 (/6). 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 (/7).
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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 (/8). 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 (/9).
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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).
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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 DNA molecules, which leads to a cascade double FRET from
PDFD to QDs and FRET 2 from QDs to the dye on the DNA for DNA hybridization
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 (2/) (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.

A Guanine-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-labeled DNA probes (22) and G-quadruplexes to duplex transition
based on two-step FRET from CPs (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-F1) 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-FI are used for probe extension
reactions. Addition of Tag 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-F1 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).
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Mutant target: 5'-CCTCTGTGCGCCAGTCTCTCCCAGGACAGGCA-3'
Probe: §'-“TGCCTGTCCTGGGAGAGACT-3'

C

Figure 6. (a) Schematic Representation of the SNP Assay; (b) Chemical
Structures of PFP and dGTP-FI; (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-F1 can not be incorporated into

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2012.



Publication Date (Web): November 26, 2012 | doi: 10.1021/bk-2012-1112.ch004

Downloaded by UNIV DE SHERBROOKE on November 27, 2012 | http://pubs.acs.org

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-FI 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 p/6, HPP1 and GALR?2 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 (Amax = 397nm ). Upon addition of ssDNA, the colour of
the mixture changed from yellow to red (Amax = 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 a-thrombin, a-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 (Amax = 502 nm). The detection limit by this colorimetric method is
about 1 x 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 x 10-1! M in 200 uL for the human a-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 (47). The
MSO probe, including several thymines (T), readily forms a stem-loop structure
in the T-Hg?*-T configuration (Fig. 8C). PMNT binds to the HgZ"-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).
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Figure 8. Schematic illustration of the specific detection of human a-thrombin,
Hg?* 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.

n-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: Fo/F = 1+Ksv[Q], where F) 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 x 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).
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Figure 10. Ilustration 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-!. 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 a-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 GO mainly attributed to strong n-w 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).

GO_5FReT - s @ > O3 -
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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 (F1-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 FI-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 ¢ (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-! at pH 7.4. The high quenching efficiency is attributed to a
combination of ultrafast photoinduced ET between cyt ¢ and the luminescent CP
and the formation of bound complexes (static quenching) between the cationic cyt
¢ 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 ¢ 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
UM. Recently, they developed a fluorescent sensing method for concanavalin
A (Con A) based on an a-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 a-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 x 10-3 unit pL-! with a detection limit of 5.0 x 10-5 unit pL-!
for ALP detection with a standard commercial fluorometer (52).

4
w=x PL

& - ™ (green)

+
4

4= = P

AT $— &
yA +
+ .
* Aggregation
CP  substrate
/
A
+ + + 4+ + + PL
enzyme > o> (blue)
[ — 7 + + + + + +
wz - o o
&+ B & R "\
o o T

-
+ + + 4+ + +
o> o o =

Separated chains

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 Ingands 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).
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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 ssSDNA 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).
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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, Cu?* ions, and the target nitric oxide. The
fluorescence of polymer is quenched efficiently by Cu?* 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 Cu?* 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, NaNO,, and NaNOs (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 z 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 (H>O>) and glucose
in serum. The FRET from fluorine units to peroxyfluor-1 is absent in the absence
of H,O» 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 HyO, because the peroxyfluor-1 can specifically react with H,O» to deprotect
the boronate protecting groups. The PF-FB probe can detect H>O> in the range
from 4.4 to 530 uM (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 B-D-(+)-glucose to generate H,O,. 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.

PPE2 (760 nm)

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. Bjork 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 (§/). 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 (§4). 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@SiO; 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 (85).

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 MCEF-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

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2012.



Publication Date (Web): November 26, 2012 | doi: 10.1021/bk-2012-1112.ch004

Downloaded by UNIV DE SHERBROOKE on November 27, 2012 | http://pubs.acs.org

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).
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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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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
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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 (/-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, /0—12), materials synthesis
(13-15), tissue engineering (16, /7) and many other applications (/7-21). 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 (4/-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 (57, 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, Mspl 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.

Complememary binding Top strand

AAAAAAAN -$-TGC-CAA-GGC-TTG-CCC-GGG-CAG-GTC-TGG-CCT
= ACG GTTCCG AAC-GGG CCC-GTC CAG ACC-GGA S

Bottom strand

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

\Ispl OI\M o DTT (:cl
IZDT A Annlp sis

Complemenary binding TOE strand Mspl Recogmtlon Site

AAAAAAAN = -S-TGC-CAA-GGC-TTG- C(.( GGG-CAG-GTC-TGG-CCT
= ACGGTTCCGAAC. I(J(l((( LTC-CAG ACC-GGA S

Scheme 2. A schematic diagram (not to scale) illustrating the disassembly of
the DNA-AuNPs assembly using Mspl restriction enzyme and a subsequent
detachment from Au NPs. Also included is the specific DNA sequence and
a diagram showing the Mspl 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, Mspl, with a recognition site
on the target DNA. The observed digestion is shown in Figure 1.
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C-GGG-CAG-GTC-TGG-CCT
CC-GTC-CAG-ACC-GGA

TGC-CAA-GGC-TTG-C GG-CAG-G
ACG-GTT-CCG-AAC-GGG-CCC-GTC-C. +
TGC-CAA-GGC-TTG-CC

ACG-GTT-CCG-AAC-GGG-C

Figure 1. Gel electrophoresis of cut DNAs from the DNA-AuNPs assembly.
Assembled DNA-AuNPs (51 ul) treated without (lane 1) and with 300 units
of the Mspl 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 DNASs,
respectively. (Adapted with permission from reference (56). Copyright 2008
American Chemical Society.)

As shown in Figure 1, in the presence of Mspl, 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 Msp/
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.
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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 (//0) of Au NPs for cancer treatment
or repression of certain genes (///). 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-a), inhibiting glucocorticoid-induced
apoptosis of cells, which causes resistance to glucocorticoids (99).

124

In Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices Volume 1; Hepel, M., et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2012.



Publication Date (Web): November 26, 2012 | doi: 10.1021/bk-2012-1112.ch005

Downloaded by NORTH CAROLINA STATE UNIV on November 27, 2012 | http://pubs.acs.org

While the delivery of miRNA into cells has used various NPs as carriers (95,
96) and other systems (97, 98), the immobilization of miRNAs on the nanoparticles
followed by testing cell transfection had not been demonstrated. Similar to the
protocol developed for immobilizing siRNA on Au NPs (/03), 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.

\i L Cell Transfection
2 m —_—ee——

s

AN 5'-/Phos/CAG UGC AAU GAU GAA AGG GCA UAC/iSp18//iSp18//3ThioMC3-D/-3’
YW, 5'-/5Cy5/ACU CUU UCC CUG UUG CAC UAC GCA U-3'

3.

Gold Nanoparticle M Oligoethylene Glycol-thiol

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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Citrate-AuNP

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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“(B)

Figure 4. Confocal/fluorescent composite microscopic images of the MM.1S
cells 48 hours after transfection was initiated with Cy5-labeled miRNA-AuNPs
(4, 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.

F/R L Luminescence

00 05 2.0

10 4 Conc. Mimic miRNA (nM)

0.5 A

Firefly/Renilla Luciferase Luminescence

0.0 -
0.0 0.5 2.0
Concentration of miRNA-AuNP Transfected (nM)

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.)
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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 (/03)). Based on
a comparison of the knockdown efficiencies between siRNA-AuNPs (~20% at 48
hours (/03)) 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 Heys, in both reduced and oxidized forms, above
the normal range in blood (5~15 pM) 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 (/19)).
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Figure 6. Assemblies of gold nanoparticles mediated by Hcys (4), Cys (B) and
GSH (C). (4) Zwitterionic interaction and the change of Dy 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 Dy, 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: HSCH>C*H(NH3")COy, 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 (Aui3nm), 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 two main 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 & 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 Auj3nm in the presence of LL- (*), DD- (), and DL- () cysteines.
The dotted lines represent curve fitting by a 15! order reaction model (v =
a(l-e*)) which yields kqr)= 1.6 x10-3 571, kpppy= 1.6 x10-3 s-1, and kpry= 3.4
x104 s-1. Inserts: UV-Vis spectral evolution for the Aujsn, 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 (kpry << ki) (= kop) 1) of 50%.

Figure 8 shows the correlation between the apparent rate () 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 Ausonm (%) (PH = 5), Au13um (¢) (pH = 6) and Auizum (4) (PH
= 7). A data point for Aui3.m 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 Au NPs 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 (724,
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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 (/26, 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 (/26).
D-cysteine is believed to interfere with many targets inside the cell (/27). 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 (/3/—136).

L-Au A Ab M/Au

........... /‘

SERS
Analysis

Analysis

Scheme 5. Illustration of the use of surface functionalized Au and magnetic
core (M)@shell (Au) nanoparticles in bio-separation and detection. (4) 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-1. 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 (57, 52,
55), as illustrated in Scheme 5.
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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 (4) and antibody (45) 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-4) and
the antibody-capped M@Au NPs (4b-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 