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Abstract

Nanotechnology builds devices from the bottom up with atomic accuracy. Among the
basic nano-components to fabricate such devices, semiconductor nanoparticle quantum dots
(QDs), metal nanocrystals, proteins, and nucleic acids have attracted most interests due to their
potential in optical, biomedical, and electronic areas. The major objective of this research was to
prepare nano-components in order to fabricate functional nano-scale devices.

This research consisted of three projects. In the first two projects, we incorporated two
desirable characteristics of QDs, which are their abilities to serve as donors in fluorescence
energy transfer (FRET) and surface energy transfer (SET) as well as to do multiplexing, to
engineer QD-based nanoconjugates for optical and biomedical applications. Immobilizing
luminescent semiconductor CdSe/ZnS QDs to a solid platform for QD-based biosensors offers
advantages over traditional solution-based assays. In the first project, we designed highly
sensitive CdSe/ZnS QD SET-based probes using gold nanoparticles (AuNPs) as FRET acceptors
on polystyrene (PS) microsphere surfaces. The emission of PS-QD was significantly quenched
and restored when the AuNPs were attached to and then removed from the surface. The probes
were sensitive enough to analyze signals from a single bead and for use in optical applications.
The new PS-QD-AuNP SET platform opens possibilities to carry out both SET and FRET assays
in microparticle-based platforms and in microarrays. In the second project, we applied the QD-
encoded microspheres in FRET-based analysis for bio-applications. QDs and Alexa Fluor 660
(A660) fluorophores are used as donors and acceptors respectively via a hairpin single stranded
DNA. FRET between QD and A660 on the surface of polystyrene microspheres resulted in

quenching of QD luminescence and increased A660 emission. QD emission on polystyrene



microspheres was restored when the targeted complementary DNA hybridized the hairpin strand
and displaced A660 away from QDs.

The third project involved fabrication of different nanoconjugates via self-assembly of
template-based metal nanowires and metal nanoparticles using oligonucleotides as linkers.
These nanoconjugates can serve as building blocks in nano-electronic circuits. The template
method restricted the oligonucleotides attachment to the tip of the nanowires. Nanowires tagged
with hybridizable DNA could connect to complementary DNA-modified metal crystals in a

position-specific manner.

Nanotechnology, Nanoconjugates, Quantum Dots, Metal Nanocrystals, Metal Nanowires,
Peptides, Oligonucleotides, DNA, Surface Energy Transfer (SET), Fluorescence Resonance
Energy Transfer (FRET), Multiplexing, Microspheres, Probes, Biosensors, Self-Assembly



Chapter 1

Introduction

1.1 Significance

Nanotechnology has been one of the fastest growing, most challenging, and most exciting
fields nowadays. In his famous talk, “There’s Plenty of Room at the Bottom”, at Caltech in 1959
for the American Physical Society, Richard Feynman was the first to suggest the fabrication of
nano-devices from nano part-assemblies’. Since then, nanotechnology has emerged from purely
scientific to technical fields and public awareness®* because of its tremendous potential in terms
of manufacturing cost and conducting size. High-tech devices can be widely available and create
much less environmental waste. In simple expressions, nanotechnology is understood as
engineering tiny machines. In scientific terms, nanotechnology is defined as a study of matters
at atomic or molecular levels involving processing, separation, consolidation, and deformation.
It ranges from development of conventional equipment to engineering of new micron scale
functional devices based upon self-assembled and controllable nanometer components. These
components include nano-objects such as nanospheres, nanowires, nanotubes, and nanosheets
and biomolecules such as protein and nucleic acids. The nano-objects can be made of organic,
inorganic, organometallic, polymer or ceramic materials. The assembly of these nano-
components into defined architectures can take place by variable attractions between them, or
being driven by particular interactions with template-based chemistry. When the word “nano” is
mentioned, it is acknowledged as physical entities that have structural sizes from 1 to 100 nm in
at least one dimension. Below, scheme 1.1 is an illustration of relative size of a Qdot nanocrystal

compared to other biomolecules.
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Scheme 1.1 Relative size ranges of a quantum dot nanocrystal and other biomolecules

Even though there have been increasing concerns about toxicity and long-term
environmental impacts, nanotechnology with its amazing promise has created new materials and
nano-devices with an enormous number of scientific and commercial applications including
energy production, electronics, and medicine. Among basic nano-components to build such
devices, synthetic materials like metal nanocrystals and semiconductor nanoparticle quantum
dots (QDs) and biomolecules like proteins and nucleic acids have attracted most interests due to
great individual and combined potential in exciting optical *°, biomedical*®*’, and electronic'®?
fields. Scheme 1.2 illustrates the ideas of combining metal nanocrystals and/or semiconductor
nanoparticles with proteins and/or nucleic acids to fabricate unique nanoconjugates that can be
used to build nano-devices in such fields. The goal of many research projects that aim to
develop such fields in nanotechnology therefore has been to design, synthesize such nano-
component building blocks, and fabricate functional nano-scale devices from some or all of these

basic nano-components. However, all the accomplishments so far in such fields are still far

from what Feynman had envisioned. More studies of the nanoconjugates still need to be



explored and developed to contribute to the fabrication of such functional nano-devices. With

research experience in optical and magnetic nanomaterials for biomedical applications during the

12,24-27

last decade , our lab has also explored, designed, and developed such nano-devices .
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Scheme 1.2 The conceptual generation of biomolecule—nanoparticle/nanorod conjugates to yield
functional devices
Luminescent semiconductor nanocrystal QDs, an exciting inventing class of fluorescent
probes, are considered a viable alternative to molecular fluorophores in luminescence bioassays.
Because of their distinctive electronic properties, QDs have many unique characteristics such as
broad absorption spectra, narrow and symmetrical emission peaks, good emission quantum
yields, large molar extinction coefficients, long fluorescence lifetimes, large Stokes shifts, low

photochemical degradation, and size-tunable wavelength dependence. Due to such benefits, QDs



are excellent donor fluorophores for fluorescence resonance energy transfer (FRET) and surface
energy transfer (SET) studies, as well as ideal candidates for multiplexing applications.

FRET is a distance-dependent interaction between the electronic excited states of two
fluorophores in which excitation is transferred from a donor to an acceptor without emission of a
photon’"*?2, The efficiency of the energy transfer process is proportional to the inverse sixth
power of the distance between donor and acceptor (1/R®). In other words, FRET measurements
can be used as an effective tool for measuring the distance between two chromophores. FRET-
based sensing pairs have been used to analyze protein binding affinity and protein
conformational alteration®®®. Because of their distinctive characteristics, QDs are often used as
donors in the FRET process. Especially, the wide excitation spectra of quantum dots allow
selection of an excitation wavelength that is out of the acceptors’ range. This eliminates
“bleeding” of excited energy into the acceptor channel, which increases fluorescence intensity of
the acceptor, thus leading to over-estimation of the FRET efficiency between the donor and
acceptor. Several research groups have developed luminescent QDs as donors in FRET studies.
Zhang et al. described a novel approach to improve the detection sensitivity of QD FRET-based
nanosensors using single-molecule detection in a capillary flow®. The authors obtained great
FRET efficiency due to the deformation of DNA in the capillary stream. Mauro et al. has
synthesized FRET-based maltose-binding assays by attaching CdSe/ZnS quantum dots capped
dihydrolipoic acid with maltose binding protein (MBP) molecules. The FRET assay investigated
the interactions between MBP and the acceptor Cy3****. Likewise, Goldman’s group has
developed a hybrid quantum dot-antibody fragment FRET based TNT sensor®®. Similar to
FRET, SET involves non-radiative energy transfer from donors to acceptors. However, SET is

caused by metal induced quenching. The main variation between the two types of energy



transfer is that the acceptor for FRET has to be a fluorophore while for SET the acceptor is a
metal surface. As a result, no acceptor emission occurs, but quenching of the donor fluorescence
does take place. The efficiency of SET and FRET processes are also different. SET efficiency is
proportional to the inverse fourth power of the distance between the donor and the acceptor
(L/RH™. FRET is highly sensitive and only happens when the donor-acceptor distance is no
more than 100 A, while SET is not as sensitive and occurs at distances of up to 220 A%*. SET
interactions between QDs and metal surfaces have been explored. In 2007, Pons et al. showed
that non-radiative quenching of the QD emission by proximal Au-NPs is due to long-distance
dipole-metal interactions that extend significantly beyond the classical FRET range'’. In 2009,
Li and the group presented DNA detection via dipole-surface energy transfer between QD and
gold nanorod (GNR)*'. DNA hybridization between complementary strands of DNA on QD and
GNR enclosed the proximity between the two probes causing QD quenching by transferring
emission energy to GNR.

QD multiplexing is realized as the ability to simultaneously excite multicolored QDs that
have different emission wavelengths. Applying QD multiplexing in bioassays enables
researchers to detect several targets in a single measurement. Several research groups have
reported the use of quantum dots in multiplexed applications. In 2001, Han et al. fabricated
multicolor optical coding for biological assays by embedding different-sized quantum dots into
polymeric microbeads at precisely controlled ratios®. Their imaging and spectroscopic
measurements indicated that the QD-tagged beads are highly uniform and reproducible, yielding
bead identification accuracies as high as 99.99% under favorable conditions. Their DNA
hybridization studies demonstrated that the coding and target signals can be simultaneously read

at the single-bead level. Wilson et al. applied combination of layer-by-layer (LBL) self-



assembly and magnetic separation to encode magnetic microspheres with multiple colors of
semiconductor QDs. Three sets of microspheres with different spectral codes were combined to
form a suspension array that was used to screen three different types of explosive in the same
sample®. Yezhelyev et al. used QDs emitting at 525 nm, 565 nm, 605 nm, 655 nm and 705 nm
and directly conjugated them to primary antibodies against HER2, estrogen receptor,
progesterone receptor, EGF receptor and mTOR, respectively*®. The multicolor bioconjugates
were used for simultaneous detection of five clinical significant tumor markers in breast cancer
cells, MCF-7 and BT-474.

Regardless of the above achievements, most of the published QD-based energy transfer
probes were based on nanometric solution assays. Due to their small size in solution, when
attached to other biomolecules, QDs easily form aggregates, which can affect their true
potential*’. Additionally, multiplexing of QD FRET-based probes has only been mentioned but
never explored*. As a result, the need to fabricate more stable and versatile QD-based probes
for FRET studies in a broader range of biological assays is evident. Also, combining both FRET
and multiplexing in the same study offers superior research capability. Moreover, new
methodologies should be facile, allow easy purification, avoid aggregation, and provide
enhanced signals. To accomplish these goals, QDs can be combined with microspheres by
different approaches. Among these, coating of QDs on microspheres surface via layer-by-layer

(LBL) method (Scheme 1.3) is preferred due to uniform distribution of QDs**,
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Scheme 1.3 Illustration of the procedure used to prepare CdTe QD-microsphere bioconjugates
via layer-by-layer assembly
Indeed, this type of QD-encoded microsphere for biosensors has become an interesting

approach in recent research due to the need for multiplexing and high-throughput detection. The
microbead probes have been proven to be more flexible and reproducible compared to traditional
solution-based microarrays**. Moreover, the bead can act as an amplifying platform that carries
multiple QDs to substantially enhance signal-to-noise ratio. In 2008, Ma et al. investigated the
adsorption of rabbit 1gG onto CdTe QD/polystyrene microbeads*. The process, which was
primarily dependent on pH conditions and ionic strength, performed best at the isoelectric point
due to electrostatic interactions. The probes were later employed in the detection of goat anti-
rabbit IgG antibody in fluoroimmunoassays with a limit of detection range of 1-100 ng/mL. In
2009, Li et al.** synthesized QD-coated encoded silica beads for multiplex coding. The silica
beads were highly monodisperse and reproducible. By simply combining, mixing, and matching
between different color QDs and different kinds of silica beads, many unique coding probes were
developed to detect DNA utilizing DNA hybridization. In 2010, Dong et al.* incorporated CeTe
QDs on poly(styrene-co-acrylic acid) microbead surface via layer-by-layer self-assembly. The
probes provided great detection and labeling capabilities towards DNA and protein thanks to the

large surface area of the polybeads and distinctive properties of QDs. When combined with



highly sensitive stripping voltammetry, the encoded beads delivered a detection limit of 0.52
fmol/L and a dynamic range spanning 5 orders of magnitude. However, incorporating energy
transfer studies in QD-encoded microspheres can still be a challenge because the outer polymer
layer to protect QDs prevents them from transferring energy to the outside environment. To
solve this problem, we have developed a research approach in which we covalently attach QDs
to biocompatible microsphere surface without coating the outer layer. As a result, QDs will be
able to transfer energy to their surroundings to enable FRET studies. This in turn enables the
development of a whole new generation of QD-based energy transfer probes.

In the past several decades, metal nanocrystals have revealed surprising benefits from
conventional industry to clinical therapeutic. Noble metals such as gold, platinum, or silver
attracted a lot more interest due to their non-toxic characteristics. One other direction that has
also created attention is fabricating nano-electronic devices from nano-component building
blocks. Since the first theoretical molecular rectifier was developed by Aviram and Ratner in
1974", the development of components to assemble nano-based-electronic devices has
advanced significantly. As early as 1981, Murray and co-workers prepared a rectifier from a
two-layer conducting polymer via electrochemistry*®*®. Fifteen years or so later, single layers of
conducting organic molecules, which were inserted in between micrometer-sized planar
electrodes, have been developed by many research groups: unimolecular electrical rectification
by Metzger et al. in 1997, electronically configuration molecular-based logic gates by Collier et
al. in 1999°* and negative differential resistance devices by Chen et al. in 1999°%. However,
preparing these structures remains challenging due to the need for connecting molecular
switching elements to the molecular wires in complex nano-circuits. Additionally, in a nano-

electronic device, the electronic and electromagnetic properties depend on elemental



construction, size, and shape of nano-components™. 1n 2002, Kovtyukhova and Mallouk
presented a theory of site-specific assembly of electronic logic and memory circuits using metal
nanowires as building blocks®*. The authors proposed different ideas to connect molecular
switching components to metal nanowires. The overall idea of self-assembling from small
building blocks proposed parallel synthesis of large numbers of individual components.
Consequently, such method reduces the basic physical limitations and processing costs compared
to “top-down” approach®. The authors also pointed out that surface chemistry, length, diameter,
and transport properties of metal nanowires can be precisely controlled by synthesis. Nanowires
could form an array that contained memory or logic elements at the small cross points (Scheme
1.4). These small cross points would be less likely overlapped with a defect in self-assembled
monolayer. This in turn would offer devices with extremely high density of memory or logic.
Metal-based nanowires present many advantages over carbon nanotubes and semiconductor
nanowires. First, the coupling chemistry for metal nanowire surface is established and

straightforward. Second, they have low resistivity which is a big plus in electronic circuits.
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Scheme 1.4 Schematic drawing of the assembly of a two-dimensional cross-point array from
metal nanowires and functional molecules. In order for the cross-point array to act as a
functional memory or logic device, a configurable switch is needed at each junction.



Among many connecting chemistry approaches in this area, using short DNA or
oligonucleotide as a tool to join template-based metal nanowires presents great potentials.
Oligonucleotides are considered a “smart” tool since its hybridizing binding affinity can be not
only specific, complementary, and reversible, but also synthetically mismatched-designed for
binding kinetics. Nanoparticle positioning can be carefully controlled at the sub-nanometer scale
using oligonucleotides as templates>®. Consequently, DNA can contribute a major step toward
creating nano-architectures with applications in nano-electronic and photonic device assembly.
DNA hybridization has been successfully applied by different groups. Mirkin’s group has
presented a number of publications on colorimetric sensors via assembling of single-stranded
DNA coated AuNPs and AgNPs>" 2. Allivisatos and co-workers also published many studies of
building nano-structures using discrete DNA-gold building blocks in which the number of DNA
strands is controlled®®’. Recently, Wang and co-workers investigated photonic interaction
between QDs and AuNPs connected by DNA self-assembled in discrete nanostructures®.
Despite the potential advantages, little work has been done to explore much further in this
research direction. However, the potential of using this approach to fabricate nano-scale
electronic devices is too great to be abandoned. Indeed, understanding and fabricating simple
site-specific nano self-assemblies will enable us to contribute small steps towards building such
nano-scale electronic devices. As a result, we have designed functionalized single-stranded
oligonucleotides and synthesize template-based metal nanowires to explore many different

possible self-assemblies.
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1.2 Objectives

The major objective of this PhD research is to design and develop nanoconjugates that
combine synthetic nano components such as luminescent quantum dots (QDs) and metal
nanocrystals with biomolecules such as proteins and nucleic acids to form a new generation of
nanometric probes for optical, biomedical, and electronic applications. This major objective is
divided into three individual projects for the above applications. The first two projects aim at
developing QD-based nanoconjugates on microsphere platform while the third one focuses on
self-assembling of template-based metal nanowires and metal nanoparticles using DNA
hybridization as a tool.

In the first two projects, QD-encoded microspheres offer non-aggregated FRET-based
probes that are stable and versatile with enhanced signal-to-noise ratios for optical and
biomedical applications. The most exceptional properties of these bio-devices are that they can
be used for the following things on a single bead: i) surface energy transfer (SET) between a QD
and a gold nanoparticle, ii) FRET plus multiplexing simultaneously between a quantum dot and
an organic dye, and iii) fluorescence imaging. These works for the first time ever, integrates
SET and FRET on a microbead platform. In addition, incorporating simultaneously FRET,
multiplexing, and fluorescence imaging on a non-aggregated microbead platform offers a new
research direction for nano-based bio-devices. The microbead acts as an amplifier platform
carrying multiple QDs to enhance signal to noise ratio significantly compared to traditional
solution-based quantum dot probes. Quantitative analysis and imaging can simply be detected at
a single bead level. The ability to enhance signal-to-noise ratio presents great potentials by
improving the limit of detection. Furthermore, detection of DNA (either a single strand or

several strands or simultaneously) can be performed by combining FRET and multiplexing.
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The third project creates controllable and site-specific self-assemblies among nano-
components such as metal nanoparticles/nanowires using oligonucleotides as linkers for nano-
circuits. With oligonucleotides being attached to metal nanowires embedded in a template,
oligonucleotides are restricted to locate just on the tips of the metal nanowires. Next, dissolving
the template allows nanowires that are tagged with hybridizable DNA be in a position-specific
manner. Complementary strands of the oligonucleotides can be attached to intended positions on
other metal nanowires or nanoparticles. The final step is to mix the two oligonucleotide-

modified nano-components to achieve site-specific self-assemblies.

1.3 Quantum dots

1.3.1 Fundamental

The desire to thoroughly investigate the cellular level of living organisms has driven
tremendous research interests in the last two decades towards a new class of fluorescent nano-
probes: semiconductor luminescent quantum dots (QDs). These materials are nanometer scale
spheres with physical dimensions within the range of the exciton Bohr radius®®*"*. QDs have
very broad absorption spectra, narrow and symmetrical emission spectra, tunable size-
wavelength dependence, and low photochemical degradation. Hence, luminescent QDs have
been considered to be better suited for biochemical labeling compared to conventional

fluorophores. QDs have been integrated in many bio-applications such as cellular/cancer

76-78 79-81

imaging’®", biosensor® 8, and immunoassays’®®" instead of organic fluorophores. QDs are
neither atomic nor bulk semiconductors; rather, each dot contains thousands of combined atoms

of elements from groups 12 -16 of the periodic table. That is why QD stands as a bridge gap

12



between semiconductor bulk solid state and single atom state just like any other nanoparticle.
Hence, QDs show a mixture of physical and chemical properties of both semiconductor states®.
We need to look at different energy states of semiconductor material to understand
thoroughly why QDs have such a mixture properties. In semiconductors, there is an energy band
gap between the valance band (ground state) and conduction band (excited state). As the
temperature rises or light is introduced, an electron from the valance band can absorb (photon or
themal) and jumps up to the conduction band. Once electrons reach the conduction band (107"
to 10 s), they stay there briefly (10 to 10” s), and relax down to the lowest energy state of the
conduction band (10™2 s or less) and then to the valance band (10 to 107 s). If this relaxation is
by photon emission, the phenomenon is called fluorescence®. When introduced light is in near
or visible range, the color of light emitted by the semiconductor material is determined by the
width of the energy band gap. However, in QDs, the particle diameter corresponds to the system
of quantum confinement, in which the spatial extent of the electronic wave function is related to
the dot size. Quantum confinement of both the electrons and holes in all three dimensions leads
to a fixed energy band gap and fixed color of light emitted. As a result, a decrease in dot size
corresponds to an increase in the energy band gap of the semiconductor material. This is called
quantum-size effect. As the quantum dot size increases, the gap decreases. Consequently, both
the absorption and emission of QDs shift to lower wavelengths (higher energies) as the size of
the dots gets smaller (scheme 1.5). In other words, the absorption and emission wavelengths are
dot size dependent, which can be controlled precisely through synthetic conditions. All these

unique characteristics are shown in figure 1.2.
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Fcdse core (A) 13.5 175 215 24.0

Max em. (nm) 510 555 590 610

Scheme 1.5 Schematic illustration of size-tunable emission of four different quantum dots

1.3.2 Synthesis Conditions

Since the synthesis of high quality QD in trioctylphosphine oxide/ trioctylphosphine
(TOP/TOPO) media was first developed by Murray in 1993, chemistry has been somewhat
modified by other research groups for better synthesis conditions, shell coating thickness, and

stability control. For more than a decade, QDs have been synthesized under various media

89-91 92,93

including TOPO/TOP®®, reversed micelles®”®, polymer films®***, sol-gel systems®*®* and
aqueous solution®*. Among the elements which QDs are composed of, CdX (X=S, Se, Te)
dots offer more utility due to distinctive physical properties of absorption/emission in the UV-
VIS-NIR range. However, the molecular structures of CdX QDs are not ideal. Surface defects
can cause electron leakage from individual nanocrystals, which lead to poor photoluminescence
and widen the luminescence peaks of QDs®. To diminish the effect of surface defects and
surface oxidation, a thin layer of a wider band gap semiconductor material, such as ZnS, is
coated on the surface of the core CdX quantum dots®*® This coating process, which enhances
the emission quantum yield, as well as chemical and photo stability of luminescent QDs, is

called surface passivation. Furthermore, the ZnS shell also helps chemically manipulate surface

of QDs with different solubility and chemical reactivity for particular applications.
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1.3.3 Surface Modification

For biological compatibility, hydrophobic TOPO molecules, which are employed as
capping ligands on the surface of luminescent QDs, must be replaced with hydrophilic ones
containing polar terminated groups. These replaced hydrophilic ligands not only help QDs
disperse in agueous solution, but also preserve the large quantum yield original TOPO-capped
QDs. These ligands usually are thiol functionalized compounds such as dihydrolipoic acid
(DHLA), dithiothreitol (DTT), or mercaptoacetic acid (MAA). One of the earlier works that
used DHLA to modify the QD surface was carried out in 2000 by Mattoussi et al*®. In this
work, the authors modified TOPO-capped CdSe/ZnS QDs with DHLA to make them water
soluble before attaching them to an engineered recombinant protein. Many other groups have
used the same kind of ligands to modify the TOPO-capped QD surface before using them in
aqueous solution. In 2003, Jaiswal and coworkers used DHLA-capped QDs in live cell
imaging'® while Zimmer and coworkers used them for in vivo imaging'®? in 2006. Then in
2010, Vannoy et al. studied self-assembly of lysosome fibrils utilizing DHLA-modified
CdSe/znS'®. DTT, although not used as frequently as DHLA, has also been utilized to create
hydroxyl groups on the QD surface. In 2001, Pathak and coworkers used DTT to replace
TOPO™* before applying them for in situ hybridization. In 2008, Banerjee and coworkers
combined DTT and 1,10-diaza-18-crown-6 on CdS:Mn/ZnS QDs to detect cadminum ions'®. In
2009, Duncan found that the combination of photoenhancement and DTT help improve the
quantum yield of QDs without the appearance of spectral broadening and blue shift'®.
Mercaptoacetic acid (MAA) was also a popular choice to exchange with TOPO on the QD
surface. In 2005, Derfus and coworkers capped QDs with MAA and studied its effect on the

photooxidative process and cytotoxicity of CdSe/ZnS QDs'®. In 2008, Jeong modified CdSe
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QDs with MAA before attaching them on single-walled carbon nanotubes'®. Then in 2010, Noh
replace TOPO with MAA on CdSe QDs before adding electrolyte to cause fluorescence
quenching due to QD aggregation'®®.

QDs also can be made biocompatible via cross-linking with a thin shell of silanols, a
thick shell of polymer, or organic dendrons. Coating with an outer layer of silica, polymer, or
organic dendrons on TOPO-capped QDs have been a preferred choice for stabilizing QD surface
and for in vitro and in vivo bioapplications. As early as 2000, Mulvaney and coworkers coated a
thick layer of silica on metal clusters and CdS QDs to stabilize their surface in aqueous
solution''®. The silica shell, however, has gotten thinner and thinner to reduce the overall size
for bioapplications. In 2005, Zhou achieved 28-nm SiO, encapsulated QDs via 3-
mercaptopropyl trimethoxysilane (MPS) in a weak alkaline solution in ambient atmosphere at
room temperature'™*. Then in 2010, Amato presented silica encapsulated QDs with high
biocompatibility in the 50-200 nm range**2. There are also many studies on polymer coating
QDs, especially polyethylene glycol (PEG) with different molecular weights, before using in live

113

cells™™. In 2008, Warnement and coworkers tested QDs coated with custom PEG derivatives in

bioassays'*. These PEG derivatives were self-assembled on the QD surface and showed
improved passivation in biological environments and were less vulnerable to unwanted protein
adsorption to the QD surface. Organic dendrons are able to provide stable surface coating to
QDs with just a thin layer (as thin as 1-2 nm) of closed packed and tangled ligand shell***. In
this paper, Wang et al. also pointed out the photochemical stability of QDs after dendron coating.

In another publication, Liu and coworkers used dendrons to encapsulate CdSe/ZnS QDs before

detecting pathogens®*®. So far, hydrophilic QDs have been applied in immunoassays™' %, in

104,121,122 107,123-125 126,127

situ hybridization , and in vivo

, cellular multiplex labeling.
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1.3.4 Fluorescence Resonance Energy Transfer (FRET)

Fluorescence resonance energy transfer (FRET) is defined as a non-radiative energy
transfer process between two chromophores, one donor and one acceptor®**?. One very
important parameter for FRET to occur is that the distance between the two chromophores has to
be less than 10 nm. Others include the spectral overlap of the donor emission and acceptor
absorption, as well as the relative orientation of the donor emission dipole moment and the
acceptor absorption dipole moment. The process happens when the donor in its excited state
transfers a non-radiative energy to the acceptor (Figure 1.2). As a result, the fluorescence
intensity of donor is quenched, while the acceptor fluorescence is increased. The efficiency of
the energy transfer process is proportional to the inverse sixth power of the distance between

donor and acceptor (1/R°).

Resonance Energy Transfer Jablonski Diagram
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Scheme 1.6 Jablonski Diagram of Fluorescence Resonance Energy Transfer
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1.3.5 Surface Energy Transfer (SET)

Similar to quenching in FRET caused by dipole-dipole exchanges, metal-induced
quenching is related with dipole-surface energy transfer (SET)™. Even though both FRET and
SET efficiency depend on the spectral overlap of the acceptor’s absorption with the donor’s
emission, SET efficiency is proportional to inverse fourth power (1/R?) of the distance between
donor and acceptor. Yun® et al. investigated the strength and weakness of FRET and SET in
2005 to find out the overall length resolution of each method as a function of separation distance.
Based on experimental analysis, he realized that FRET is highly sensitive and only detectable in
100 A donor-acceptor distance while SET is not as sensitive but detectable up to 220 A range.

AUNPs are common acceptors in SET process.

1.3.6 Bioapplications

The most applications of QDs in biological research have been imaging, which plays an
important role in exploring the complex spatial-temporal relationship between biomolecules
from the cellular and the integrative level. QDs have been applied for both in vitro and in vivo
imaging in many studies. Yet, there are other common applications that have successfully

utilized QDs unique optical characteristics such as biosensors and immunoassays.

1.3.6.1 Cellular Imaging

Before the invention of QDs, in vitro and in vivo studies are accompanied by organic
fluorophores, which usually have narrow absorption, broad emission, and low photobleaching
threshold. These characteristics have restricted the efficiency of organic fluorophores in long-

term imaging and ‘multiplexing’ (simultaneous detection of multiple signals). In 1998,
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Brunchez'?® and Chan™* solved the above problems by simply replacing those organic
fluorophores with QDs via demonstrating water soluble QDs for bioapplications. Their work
marked the beginning of an era of cellular imaging using QD bioconjugates. Among recent

publications, in 2008, Wang et al.***

revealed conjugation of QD to transferring (TRF), an iron
transporting protein, and its application to label human HepG2 cells via the transferrin-receptor
system. The probes were found accumulated around cytoplasm area after 12 hour-incubation but

not the nucleus of the cells. In 2009, Yordanove and coworkers**?

demonstrated cellular imaging
using poly(butylcyanocrylate) coated CdSe/CdS QDs. Poly(alkylcyanocrylate) polymer was
believed very promising among many drug carriers due to their biocompatibility,
biodegradability, low cytotoxicity, easy preparation and purification, ability to alter drug
biodistribution and to overcome some biological barriers. Later, in 2010, Wu and Weil
described multifunctional protein-hybrid that was applied to mammalian cell imaging'®. By
exploring hidden functional groups below protein surface, the authors realized that linear protein
backbone with a defined numbers of amino acid, carboxylic acid, hydroxyl, as well as thiol
groups would stabilize nanocrystals suited for bioapplications.

To better understand how QDs interact with biomolecules; researchers went one step
further by imaging QD probes on live cells. In 2008, application of silicon carbide 3C-SiC QDs
with no protective shell to live cells was revealed by Botsoa and coworkers***. SiC was believed
chemically inert, stable, and biocompatible. The 3C-SiC QDs was formed by electrochemical
anodization and etching. The authors found that he 3C-SiC QDs localized in the nucleus area
after being incubated overnight (around 15 hours) to 3T3-L1 fibroblasts cell line. Even though

the exact mechanisms of how 3C-SiC QDs travel and interact with biomolecules inside the cells

were not understood, it was evident that the probe causes no toxicity to cells.
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Payne’s group, in 2009, described pyrenebutyrate-mediated delivery of QDs to the

cytosol of living monkey kidney cells'®

. QDs were coated with a combination of cationic
peptide-polyarginine and hydrobobic counterion-pyrenebutyrate. PA-QD probes traveled
directly across the plasma membrane and bypassed the barrier of endocytic vesicles. In 2010,
Lei et al. coated thiol-capped CdSe/ZnS QD with amino acid and then conjugated to Tat peptide
for stem cell tracing in vivo®. The probes were injected into the tail veins of NOD/SCID
beta2M null mice, whose tissue sections of major organs were analyzed later. The authors found
that the internalized QDs become an in vivo tracer that provides useful information for stem cell

transplantation.

1.3.6.2 Cancer Imaging

Statistically, cancer has become the leading cause of death for people younger than 85
year old in the United States since 1999'%". There are close to 1.5 million new cancer cases and
about 600,000 deaths from cancer predicted just in 2009 alone’®. Obviously, the desire to better
understand, detect, and diagnose cancer is being explored worldwide. Indeed, cancer targeting,
detection and imaging using QDs have been one of the most interested research fields nowadays.
Early in 2009, Zaman and his group conjugated single-domain antibody (sdAb) to PEGylated
CdSe/ZnS QDs and applied it to imaging cancer cells’®. The targeted sdAb EG2 in this study
bound strongly to epidermal growth factor receptor (EGFR), a tumor marker for breast cancer.
Imaging of SK-BR3 and MDA-MB468 breast cancer cells revealed that QD probes can also be
used as a detecting purpose. In 2010, Li and the group synthesized aptamer-conjugated
dendrimer-modified QDs and applied as tags for cancer cell targeting and imaging’®. Aptamer is

found to be an ultimate contender for molecular targets while dendrimer modifies hydrophobic
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nanocrystals to make them better soluble in water. The target aptamer used in this work was
BDI-10, which can recognize the protein tenascin-C on the surface of human glioblastoma cell.
In vivo cancer imaging using QD probes has been doing very well in animal models;
mice in particular. There are multiple publications on imaging tumors in mice via QD
bioconjugates. In 2008, Chen et al.** reported the application of CdSe/ZnS core/shell QDs for
imaging of human hepatocellular carcinoma metastasis (HCC) on HCCLM®6 cells and grown
tumor in mice from those cells. The targeted biomolecules were alpha-fetoprotein (AFP)
monoclonal antibody (Ab). The probe QD-AFP-Ab served both targeted imaging in vitro and in
vivo with negligible acute toxicity to the models. In 2009, Mulder et al.”* investigated
multimodality molecular imaging of tumor angiogenesis using avB3-integrin conjugated
paramagnetic QDs. The analysis served to understand early detection and treatment of cancer.
This publication was claimed to be the first that optimized the probes for both in vivo optical and
magnetic resonance detection of tumor angiogenesis in mice. And just recently, in 2010,
Nurunnabi and coworkers injected near IR-QDs-cancer drug-loaded micelles into tumor bearing
nude mice for simultaneously tumor therapy and imaging”. These micelles were dispersed
quickly all over the entire animal body including the tumor. However, after 5 days, there was
accumulation of fluorescent signals from the probes only at tumor site as well as shrinking of
79% of tumor size. This probe can be considered as both active and passive targeting, imaging

and treatment of cancers in the early stages.

1.3.6.3 Biosensors

The second most popular usage of QDs in biological research is in sensor applications.

Among recent applications, different surface coatings and templates of QDs have been
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developed for better sensitivity. FRET-based biosensors are the most common means to detect
specific protein, DNA, and metal ions. In 2008, Mattoussi’s group illustrated the interaction
between redox complexes and QDs using a peptide bridge to detect enzymatic activity**’. QDs
acted as FRET donor while metal complexes were FRET acceptor receiving charge transfer
through a short peptide bridge. In 2009, Lee and Kang*** studied the effects of dopamine
concentration using FRET between dendrimer-QD and Alexa 488-antibody to better understand
and determine Parkinson’s disease. The degree of energy transfer was confirmed to be
proportional to dopamine concentration. In 2010, Zhang and Hu'*? developed single QD-based
nanosensor for multiplex DNA (HIV-1 and HIV-2) detection via coincidence and FRET
approach. The QD probes also employed as a local nanconcentrator with notably enhanced
coincidence-related fluorescent signals and FRET signals. Wang et al. used QDs to detect CI’
ions in epithelial cells”® in 2010. The targeted molecules on QD surface to capture CI” ions was
an anion receptor, 1-(2-mercapto-ethyl)-3-phenyl-thiourea (MEPTU). QD fluorescence reduced
proportionally to the concentration of CI"ions bound to the MEPTU as photo-induced electron
transfer between QD and MEPTU occurred.  Also in 2010, Banerjee and coworkers’’ doped
manganese to traditional QD procedure to obtain CdS:Mn/zZnS QDs. The new probe was
capable of selectively and sensitively detecting cadmium ions, alkali metal ions, and glutathione
via electron transfer process to ion-captured organic ligands on QD surface. Upon the binding of
various ions, initial fluorescence quenched as FRET occurred between manganese doped QDs
and the ligands.

SET-based biosensors have also been studied more thoroughly even though they are not
so common as compared to FRET-based biosensors. In 2009, Li and the group presented DNA

detection via dipole-surface energy transfer (SET) between QDs and gold nanorods (GNRs)™.

22



DNA hybridization between complementary strands of DNA on QDs and GNRs enclosed the
proximity between the two probes causing QDs quenching by transferring emission energy to

GNRs.

1.3.6.4 Immunoassays

Another big part of QDs in bioapplications explores immunoassays. Although similar to
sensor, immunoassay is defined as a biochemical test that measures the concentration of a
substance in solution. The star of immunoassays is antigen-antibody (Ag-Ab) binding specificity
that produces a measurable signal accordingly. Because of their unique characteristics, QDs in
this category are more advanced than organic fluorophores due to their fluorescence stability and
multiplexing capability. Multiplexing has become a valuable tool in immunoassay utilizing
QDs. In 2008, Zhang et al. synthesized high quality multicolor amphiphilic copolymer coated
CdSe/CdS/CdgsZnosS/ZnS QDs for immunohistochemical analysis79. The copolymer coating
not only made the core biocompatible, but also enlarged QD size enough to avoid FRET between
two different color QDs. Polymer coated QDs were conjugated goat anti-human IgG and goat
anti-rabbit IgG antibodies and mixed together before detecting human and rabbit antigens.
Unlike conventional fluorophores, the two color QDs can be excited at the same wavelength
which promoted multiplexing to identify single targets simultaneously. Recently, in 2010, Rauf
et al. developed multiplexed immunoassays using QD barcoded magnetic microspheres®®. Two
different kinds of QDs attached on each bead surface (of total 4 kinds of optical encoding beads)
via a layer-by-layer method utilizing unique streptavidin/biotin interaction , which also

eliminated cleverly any potential non specific binding.
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1.3.7 Cytotoxicity

Cytotoxicity has become a tremendous concern for in vivo QD applications. In the last
two years, there have been a significant number of researches that carefully study QD
cytotoxicity. When QDs were first invented, cadmium-based QDs were favorable and used in
most applications due to their unique physical properties of absorption/emission in the UV-VIS-
NIR range. However, long-term side effects from these cadmium-based QDs have concerned
researchers if cadmium can be degraded into ion forms. That is why in vitro and in vivo studies
of cadmium-based QDs with different surface coatings have been studied by many groups. In
recent publications, in 2008, Zhang et al.'** reported PEGylated CdSe/CdS QD toxicity in
porcine skin and in human epidermal keratinocytes (HEK cells). The QDs were discovered just
in the intercellular lipid bilayers of the stratum corneum (SC) in 24 hour-incubation. In HEK,
cell viability reduction corresponded to 1.25 nM to 10 nM at 24 hours and 48 hours. Potential
inflammation was found based on analysis of cytokines IL-6, IL-8, IL-10, TNF-o and IL-1f in
HEK cells. The combined study of skin and cells concluded that any open wound, cut, or
alteration to outer skin layer SC would expose QDs to viable skin cells and damage them at 1.25
nM concentration or higher. Later of 2008, Geys et al. examined the in vivo acute toxicity and
prothrombotic effects of commercially available carboxyl- and amine-QDs**. After the
injection, the authors saw an effect of surface charge for all the parameter tested. QDs
accumulated mostly in lung, liver, and blood. At high injection dosage of 3,600 pmol/mouse,
QDs caused pulmonary vascular thrombosis with carboxyl-QDs to be more potent than amine-
QDs. In 2009, Jiang and the group™** coated their CdTe/CdS QDs with reversible addition-
fragmentation chain transfer glycopolymer of biotin, sugar, and amine groups for

biocompatibility and colloid stability. Cell viability was then examined with the probe vs. non-
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polymer QDs. The test showed cytotoxicity was insignificant to glycopolymer coated QDs at
concentration up to 20 nM. Later in 2009, Lin and coworkers described a toxicity study in the
kidneys of mice of Cd/Se/Te-based QD 705**. The authors tracked free Cd elevation in tissues
by monitoring molar ratio of Cd/Te and induction of tissue in metallothionein as markers. The
analysis showed that even though 100% of QD705 still remained in the body, free Cd was
released after injection for 16 weeks. Since the free Cd ions associated with toxicity of QDs, this
work showed that there is a considerable potential damage of QDs towards in vivo applications.
More and more QD toxicity studies were published in the beginning of 2010. Fu et al.**’
examined the toxicity of CdTe and CdTe/ZnSe core/shell QDs that were simply coated with
mercaptosuccinic acid (MSA). The ZnSe shell was proven to increase the stability and
biocompatibility of CdTe core. Cell viability was sustained over 80% at 100 pg/mL and 300
pg/mL concentration of MSA-CdTe/ZnSe QDs at 48 hour and 24 hour incubation, respectively.
By the end of 2010, Wu et al. investigated several cellular aspects of cysteamine coated CdTe
(Cys-CdTe) QDs when interacting with human hepatocellular carcinoma SMMC-7721 cells*®.
The QD probe was believed bound to cell membrane readily before internalizing thereafter. Fast
endocytosis from early exposure of Cys-CdTe QDs only caused major damage on cell membrane
and cell adherence ability, but high dosage and longer than 24 hour-incubation time would
reduce cell metabolic activity significantly. Then, Hauck and coworkers demonstrated in vivo
QD toxicity by coating CdSe/ZnS core/shell QDs with three different surface functional groups
and injecting them in Sprague-Dawley rats'*°. The three surface coatings were polymer, PEG,
and BSA. Bioditribution statistics indicated that QDs initially targeted the liver and spleen, but

after several days to weeks, QDs showed up in the kidney. However, the authors found no

significant toxicity observed in rats after the 15-nmol-injections of three QD probes over the
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whole course of the long-term study. Also in 2010, Tan and coworkers**® functionalized QD
with 6 different designs: anionic, hydrophobic anionic, cationic, hydrophobic cationic,
PEGylated cationic and hydrophobic PEGylated cationic to introduce carboxylate, amine, oleyl,
and PEG groups to QD surface before testing their intercellular interactions. Cell imaging and
viability revealed that these surface functional groups affect how QDs bind to surface, enter, and
localize in cells. The cationic and hydrophobic QDs had stronger interaction with cells
compared to anionic QDs; while PEG can help reduce the significant toxicity from cationic
groups. Moreover, hydrophobic QDs only labeled cell membrane and did not penetrate through
the cells; while PEGylated cationic QDs entered the cells easily.

Coating on QD surface is an important factor towards cytotoxicity. Polymer coating, so
far, has proven to reduce toxicity to cells and animals. However, understanding QD probes in
vivo degradation mechanisms will play a key role whether QD probes can be applied in human

clinical use at all.

1.4 Metal Nanoparticles and Nanowires

1.4.1 Fundamental

Nanoparticles are considered a connection gap between bulk materials and molecular
levels®>*. Compared to bulk materials at the same mass, nanoparticles exhibit enormous surface
area. That is why nanoparticles offer great potentials for future inventions. While a bulk
material has consistent physical and chemical characteristics regardless of its size, nanoparticle
presents size-dependent unexpected behaviors because each particle consists of hundreds to
thousands of atoms packed in a three dimensional captivity. Typically, nanoparticles or nano-

colloids are synthesized from wet chemical methods which are either water-based or organic
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solvent-based™. Metal colloids are, however, commonly synthesized from the reduction of acid
based solution containing position metal ions™?***, Throughout the reaction, positive metal ions
will be reduced to neutral metal atoms. As more and more neutral atoms arise, the solution
becomes supersaturated before those neutral atoms, with constant and vigorous stirring,
precipitate and form into nano size particles. Metal nanoparticles express high electron density
and strong optical absorption characteristics as opposed to quantum confinement effect of
semiconductor nanocrystals (quantum dots) or to superparamagnetism in magnetic particles.
Modern technology has driven the fabrication of metal nanoparticles into longer shape, metal
nanowires, to link nano-components into nano-devices. Typical nanowires display very large
aspect ratio (length-to-width ratio), from hundreds to thousands™>**®, That is why they are
known as one-dimensional (1-D) materials. Since metal nanowires are grown from metal
nanoparticles, they also inherit the nanoparticle properties. However, high aspect ratio

characteristic aims the nanowires into dielectrophoretic direction.

1.4.2 Synthesis Conditions of Metal Nanowires

The most common bottom-up approach to synthesize metal nanowires is in solution
phase where the growth rate of different facets can be controlled by surfactant mixture®*>%-16,
One approach is to deposit chemical metal plating on the surface of high aspect ratio particles,

165167 or to open and fill nanotubes'®®*™. The

such as DNA strands*®**  carbon nanotubes
other approach is used for size-controlled metal nanowires by depositing precursor liquid

solution into uniform and cylindrical porous template electrochemically (electro-deposition) or
chemically (electroless-deposition) 1%, Once the pores are filled, metallic nanowires can be

collected after removing the template. Synthesizing the nanowires by porous template-based

approach is preferred over other methods due to simplicity, low cost, uniform sizes and shapes.
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There are two popular choices of membrane being used including alumina and polycarbonate
membranes because of uniform pore sizes and ease of handling.

To enable electrochemical deposition, one side of the membrane is coated with a metal film
and using this metal film as a cathode for electroplating. On the other hand, before forming
electroless metal nanowires in the porous template, a catalyst must be applied to the pore walls
by a chemical reducing agent. This catalyst acts as a “molecular anchor” where the metal ions
are being reduced. As a result, solid metal tubes and wires begin to fill up the membrane pores.
The advantage of electroless vs. electro deposition is that it does not need a conducting layer as
cathode. Since Martin et al. first presented publically the electro-deposition in 1991*"* and

17
55

electroless-deposition in 1995"", these template-based synthesis of metal and semiconductor

nanowires have been produced using similar principles before being utilized in applications.

171,176-181

Since then, Martin and co-workers have achieved more success in this area . Many

successful studies by other research groups in this field include Kelley’s *2'% Mallouk’s %188

’g 189-191 .

and Ugo Furthermore, nanowires with multiple and different segments from several

materials can also be grown in the same template®®"1921%

1.5 Peptides

Peptide, the short version of protein, is defined as polymers of multiple amino acids
connected by covalent amide bonds™****. Because peptides are much shorter compared to
proteins, they can be made synthetically and applied to many biological studies. Peptides can be
created simply by water condensation, which eliminates a water molecule between the carboxyl

group of one amino acid and the amino group of the other. Technically, any amino acid can be
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added to a peptide chain. When an amino acid is added, a water molecule must be removed.
Therefore, peptides can be designed accordingly to meet the research’s purposes.

Most peptides would have an unreacted amino group at one end (called the amino
terminus or N-terminus) and an unreacted carboxyl group at the other end (called the carboxyl
terminus or C-terminus). The rule for writing peptide is to start from the left with N-terminus
and to end from the right with C-terminus. Beside free amino group at the N-terminus and free
carboxyl group at C-terminus, the middle amino acids will have their own side chain’s ionizable
groups, from weakly acidic to neutral to basic. Indeed, amino acids can be distinguished by their
different side chains. There are only 20 main amino acids, but they are coded in all the genes of
proteins found in all living organisms. The side chains in amino acids can be divided into
several groups according to their main chemical features. Each group serves different purposes
in biological system. For example, glycine and alanine carry aliphatic side chains for protein
folding purpose; while cysteine and methionine carry sulfur side chains to form disulfide bond;
and histidine and lysine provide positive charges under physiological conditions. Histidine
amino acid has been known to bind strongly to metal ions via imidazole rings. Therefore,
multiple consecutive (5 or more) histidine amino acids (polyhistidine) can certainly create a very
stable and specific interaction with metal with high binding affinity. Polyhistidine has been
applied from purifying proteins to removing heavy metals. Moreover, polyhistidine peptide has
proven to play an important role in enhancing quantum yield for thiol ligand-coated QDs* by
Medintz. Lately, polyhistidine has been proved to provide chemical functionality and

42,197-199

stability’ to QD bioconjugates before being utilized in bioapplications presented by

Mattoussi and co-workers.
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1.6 Nucleic Acids and Oligonucleotides

Nucleic acids are the most elemental components of all living cells*****®, They not only
store, carry, and transmit but also duplicate genetic information for every cell, tissue, and
organisms. There are two types of nucleic acids, ribonucleic acid (RNA) and deoxyribonucleic
acid (DNA), which are polymeric chains (or polynucleotide strand) from multiple covalently
attached monomers. And each polymeric chain has its own construction of monomers which are
also called nucleotide sequence. Each monomer contains a five-carbon sugar (ribose in RNA
and 2’-deoxyribose in DNA) and a heterocyclic base. DNA has two different types of
heterocyclic bases: purines (include adenine (A) and guanine (G)) and pyrimidines (include
cytosine (C) and thymine (T)) (Scheme 1.7). RNA has the same bases but uracil (U) is present
instead of thymine. A is complementary to T (or U in case of RNA) while G is complementary
to C and vice versa. Each base binds to its complement readily, specifically, and non-covalently

under normal conditions.
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Scheme 1.7 An oligonucleotide fragment containing the four nitrogen bases Adenine, Thymine,
Guanine and Cytosine
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Whenever there is a sequence-specific binding between two or more complementary
polynucleotide strands into a hybrid, it is called hybridization. The self binding of the double-
stranded helical DNA has inspired self-assembled characteristics in many bioapplications.
Colorimetric sensors via assembling of single-stranded DNA coated metal nanoparticles have
been successfully developed by Mirkin’s group® 2. Alivisatos and co-workers have built nano-
structures using discrete DNA-gold building blocks in which the number of DNA strands is
controlled®®’. Most recently, Wang and co-workers investigated photonic interaction between
QDs and AuNPs connected by DNA self-assembly in discrete nanostructures®®.

Nucleic acid structure can be totally depended on temperature of the outside
environment. Hybrids can be separated by thermal melting (denaturation). The so-called
melting temperature (Ty,) is the temperature at which half of the polynucleotide chain is in
double helical state and the other half is in random coil state. Ty, in other words, depends
greatly on the length and sequence of the polynucleotide strands. Since each monomer is
attached to the next via phosphodiester linkage, every nucleic acid polymer strand has a sense or
directionality’®%. The phosphodiester bond starts from 3’ carbon of one monomer and
connects to the 5° carbon of the next. So, the first monomer carries an unreacted 5’ phosphate
while the last monomer holds an unreacted 3’ hydroxyl group. That is why the two terminals of
the polymer chain are distinguishable by different unreacted groups. Technically, DNA is
written from left to right as 5’ to 3° with letters of bases in the middle.

There is a much shorter version of polynucleotide chain called oligonucleotide (around
100 bases or fewer). Even though oligonucleotides exist as bond cleavage of long DNA or RNA

segments, they are frequently synthesized chemically by attaching individual monomers, and
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their length is signified as “mer”. For example, a 30-monomer nucleic acid polymer fragment
can also be called a 30-mer. Just like DNA and RNA, oligonucleotide binds readily to their
particular complementary oligonucleotide, which is also called antisense. Since oligonucleotide
is short and can be synthetically made, it is often used as a probe to detect DNA or RNA. There

200-203

are many publications of oligonucleotide used in DNA (RNA) microarrays , southern

blots?®*?% fluorescent in situ hybridization (FISH)?"*® and synthesis of artificial genes?%?*2,
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Chapter 2

Experimental

This chapter describes general information about chemicals, supplies, and
instrumentation used in synthesis, conjugation, and characterization for all projects. More

detailed experimental information will be mentioned later in each individual chapter.

2.1 Chemicals and Supplies

All chemicals were used as received without any further modification. Technical grade
(90%) trioctylphosphine oxide (TOPO), technical grade (90%) trioctylphosphine (TOP),
cadmium oxide (99.99+ %), selenium powder (-100 mesh, 99.5+ %), lauric acid (98+ %),
technical grade (90%) hexadecylamine (HDA), cystamine > 98% (RT), sodium borohydride
powder > 98%, nickel (II) nitrate hexahydrate 99.999% trace metal basis, diethyl zinc (Zn(Et),)
solution 1.0 M in heptane, hexamethyldisilathiane ((TMS),S), 16-mercaptohexadecanoic
acid (MHDA, 90%), methanol anhydrous (99.8%), chloroform (99.5+ %), DL-Dithiothreitol
(DTT), and Tris(2-carboxyethyl)phosphine hydrochloride solution 0.5 M pH 7.0 (TCEP) were
purchased from Sigma-Aldrich. Polystyrene microspheres were purchased from Miscospheres-
nanospheres and Polysciences, Inc. Citrate-stabilized gold nanoparticles were purchased from
Ted Pella. Custom polyhistine peptides were purchased from CPC Scientific. Qdot® 525
ITK™ carboxyl quantum dot 8 uM solution, all molecular fluorophores, and all custom single-
stranded oligonucleotides were purchased from Invitrogen. Orotemp 24 gold plating solution,
silver 1025 RTU solution, and nickel sulfamate were purchased from Technic Inc. Alumina and

polycarbonate membranes with different pore sizes were purchased from Whatman.

33



2.1.1 Custom polyhistidine peptides

Synthetic 10-amino acid-polyhistidine peptides were designed to attach to QD surface.
The peptide consists of two lysine (K) amino acids next to N-terminus and two glutamic acid (E)
amino acids next to C-terminus for better water solubility. The middle part of the custom
peptide contained 6 histidine (H) amino acids for strong binding to the ZnS surface of the QDs.

The overall structure of polyhistidine peptide is H,N-K-K-H-H-H-H-H-H-E-E-COOH.

2.1.2 Custom single stranded oligonucleotides

The three main single strands of oligonucleotides (main ss-DNA1, DNA2, and DNA3)
and their complements were custom-made following the pattern used by Medintz et al.** with a
slight modification (Table 1). Other oligonucleotides were designed so that their 5’ end was
protected by a disulfide (S-S) bond and later thiolated to attach to a gold surface. Oligol was

complement to oligo2; and oligo3 was complement to oligo4.

Oligonucleotides Sequence 5’ Mod 3’Mod | Length MW
(bp)

Main ss-DNA1 5’-CCGAGCTGGATTAAGTATGCTGCATACGCTCGG-3’ Amine C6 | C3S-S 33 10,503.9
Complementl 3’-ACCTAATTCATACGACGTATGTACATT-S’ No No 27 8,218.4
Non-complementl | 3’-TTTGACATTAAGCGTCGCTAGTAGCGA-5’ No No 27 8,315.4
Main ss-DNA2 5’-CCGAGCAGCTAGGAGTTGTAAGATACTGCTCGG-3" | AmineC6 | C3S-S 83 10,219.6
Complement2 3’-TCGATCCTCAACATTCTATGATACATT-S’ No No 27 8,169.4
Main ss-DNA3 5’-CCGAGCGTTCCGATATGCGAATGCGCCGCTCGG-3> | AmineC6 | C3S-S 83 10,132.6
Complement3 3’-CAAGGCTATACGCTTACGCGGTACATT-5’ No No 27 8,260.4
Oligol 5’-AAAGGCATTAGCG-3’ S-S C6 No 13 4,008.6
Oligo2 3’-CCGTAATCGCAAA-5’ S-SC6 No 13 3,928.6
Oligo3 5’-AAACTTATGGTAC-3’ S-S C6 No 13 3,958.6
Oligo4 3’-GAATACCATGGGG-5’ S-SC6 No 13 4,024.6

Table 1. Custom single stranded oligonucleotides
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2.2 Instrumentation

2.2.1 Fluorescence Spectroscopy Measurements

2.2.1.1 Microplate Reader

Absorption and emission spectra of QDs in solution were measured using a SpectraMax
M2 microplate reader (Molecular Devices, Inc.) equipped with a Xenon flash lamp source and a
photomultiplier (R-3896) detector. The system is featured with a spectrophotometer for
absorbance measurements and a spectrofluorometer for fluorescence measurements. Samples
can be read in either a cuvette or a 96-well plate. SoftMax Pro software is used for data analysis.
The microplate reader in our lab is also called multi-detection microplate reader because it can
detect both absorbance and fluorescence signals at multiple wavelengths thanks to the built-in
excitation monochromator and emission monochromator. First, the output of a xenon light
source is irradiated directly to a concave holographic grating (excitation monochromator), which
allows the selected range of wavelengths to pass through. Then, the excited light passes through
1-mm fiber optic bundles to a cuvette port or microplate port. Before reaching the cuvette, the
incident light is reflected by an oval mirror and directed to the cuvette. The collected light then
enters the emission monochromator before reaching the photomultiplier tube. In microplate
mode, the light passes through another fiber optic to a different focusing oval mirror. The
incident light enters the sample from the top of the microplate. The light given off from the
sample travels to the emission monochromator and to the photomultiplier tube before being

collected and processed.
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2.2.1.2 Spectrofluorometer

Absorption spectra of fluorophore and quantum dot (QD) solutions were obtained by
Varian UV-VIS-NIR spectrophotometer system (CARY 500 Scan). Emission spectra of
fluorophore and QD solutions were measured using PerkinElmer LS 55 luminescence
spectrometer equipped with a with a 75-W continuous Xe arc lamp as a light source. In general,
to obtain emission spectra, light from Xe lamp first travels through an excitation
monochromator, which tunes the different excitation wavelengths. Next, the selected
wavelengths reach the sample. Emitted light from the sample then passes through an emission
monochromator, where certain emission wavelengths can be filtered out before reaching

photomultiplier tube.

2.2.1.3 Monochromator

Monochromator is defined as an optical wavelength selector which selectively narrows
the range of incident light into a small band of light. The colors of light are separated based on
the two common techniques called optical dispersion (prism) and diffraction grating (grating)
which are illustrated in scheme 2.1%*%, There are four major components in a monochromator:
an entrance slit, a collimating lens, a dispersing device (prism or grating), and an exit slit. As the
incident light passes through the entrance slit, it is collimated before being dispersed by the
prism or grating. Only certain wavelengths leave the monochromator by moving the dispersing

element or the exit slit.
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Scheme 2.1 Two types of monochromator: (a) grating and (b) prism

2.2.1.4 Photomultiplier tube (PMT)

Photomultiplier tube (PMT) in general is a type of photon transducer which is very
sensitive to ultraviolet and visible radiation and exceptionally rapid in response time. It contains
multiple photoemissive surfaces that emit a large amount of electrons when struck by electrons
from the photosensitive area. Up to 10° to 10 electrons are created after one incident photon.
However, because of amplifying characteristic, the PMT can be damaged when being exposed to
elevated power of radiation. In details, a photo cathode surface releases electrons upon a photon
strike. Then there are several electrodes (or dynodes) placed in a series so that the later is more
positively potential than the former. The first dynode, which is higher positive potential than the
photo cathode, will attract the first release of electrons, then multiplying before allowing them to

go to the next dynode. Electrons naturally travel from one dynode to the next due to higher
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positive attraction. The final batch of electrons, which is a cascade of electrons, is collected at
an anode to be processed and read out. Scheme 2.2 illustrates the internal electrical circuit of a

PMT.
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Scheme 2.2 An internal electrical circuit of a photomultiplier tube

2.2.2 Digital Fluorescence Microscopy

A fluorescence microscope typically detects fluorescence and phosphorescence properties
of a sample as opposed to only collecting the reflection and absorption characteristics as in a
regular optical microscope. In an inverted fluorescence microscope, the excited light passes
through a series of filters before hitting the sample from below through an objective lens. A
suitable combination of filters for excitation and emission wavelength plays an important role in
getting proper fluorescence microscope images. Those filters, which are included in a filter
cube, are the excitation filter, dichroic mirror, and emission filter. The emitted fluorescence is
focused and collected by the same cube that is used for excitation. This phenomenon is also
called epifluorescence. This method is believed to improve the signal-to-noise ratio because
only reflected excitation light and emission light get to the objective simultaneously. A dichroic

mirror in the series of filters then separates the excitation and emission photons. After the light
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passes through the emission filter, different sizes of objective with certain numerical aperture are
used to collect and magnify the fluorescence signals. The numerical aperture of a microscope
objective is a measurement of its ability to gather light and resolve fine specimen detail at a fixed
object’s distance?™. In all projects, luminescence images were obtained using a digital
luminescence imaging microscopy systems. The systems consisted of inverted fluorescence
microscopes Olympus 1X51 and Olympus IX71 equipped with 100 W Hg lamps as a light
source. Roper CCD 3392 camera and high performance color charge-coupled device camera
(CCD, Olympus DP 70) were used to collect digital imaging in each microscope, respectively.
A 0.300 m imaging triple grating monochromator/spectrograph Model SpectraPro 2300i coupled
with an inverted fluorescence microscope Olympus 1X70 was used to collect emission spectra
and fluorescence images of QD-encoded polystyrene microspheres (Scheme 2.3). Roper
Scientific software Win Spec/32 was used for spectral analysis of these emission spectra.
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Scheme 2.3 Digital fluorescence microscopy system
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Filter cubes containing a 385 nm, 420 nm or 480 nm band-pass excitation filters; 465 nm
and or 505 nm dichroic mirrors; and 475 nm or 515-nm long pass emission filters were used to
collect spectral imaging. The fluorescence images were collected via various objectives of 10X,
20X, 40X, and 60X with numerical apertures of 0.3, 0.5, 0.75, and 1.25, respectively. The

software Image-pro Plus and DP Controller were used for imaging analysis.

2.2.3 Charge-Coupled Device (CCD)

In spectroscopic imaging studies, a charge-coupled device (CCD) is usually incorporated
with an imaging sensor to convert incident radiation into an electrical signal. CCD is used more
often in professional, medical, and scientific fields due to required high-quality image data. A
CCD is basically a multichannel transducer consisting of an array of small photoelectric-
sensitive elements arranged in a two-dimensional pattern on a single semiconductor chip. The
most common material used to develop this semiconductor chip is silicon, often p-type silicon.
In the chip, there is a photoactive area (placed on an epitaxial layer of silicon) and transmission
area (the CCD) facilitating one another. The chip itself is only a few millimeters in size but
contains circuitry with dense matrix of photodiodes where photons can be converted to electrons.
When an image is captured, capacitor arrays in photoactive area accumulate electrical charges
proportional to the light intensity of the image in their potential wells. Then the control circuit
causes each capacitor in the array to relocate its contents to its neighbor in the transmission area.
Subsequently, all contents can be sent across the chip as shift register. Then the last capacitor in
the array transfers its charges into a charge amplifier, which converts all the charges into
voltages. These voltages will next be digitized and stored in memory. The total number of

electrons held in each capacitor will determine the upper limit of the dynamic range of the CCD.
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There are three main structures of common CCD image sensors including full-frame,
frame-transfer, and interline-transfer. In a full-frame CCD, after all photons are converted to
electrons, parallel serials of image data are transferred one row at a time to an amplifier. All
integrated charges must be clocked out of the serial register before the next parallel line of image
data arrives. Even though full-frame features high density pixel array for high-resolution digital
imaging and all image area is active, there is no electronic shutter. A mechanical shutter must be
inserted to avoid smearing images as the device is clocked or read out.

With frame-transfer CCD, instead of 100 percent fill factor to detect all incoming
photons, half the silicon area is covered by an opaque mask as storage arrays. The image data
can be collected from the other half and transferred in parallel manner to opaque mask just like
full-frame CCD in just a few percent of smearing. While the opaque mask is reading and storing
that set of data, the first half array area is busy collecting the next image data set. A mechanical
shutter is not required, but twice the silicon area is needed to be comparable of a full-frame
CCD; hence, a bit higher in cost and much faster in speed. The Roper CCD 3392 camera and
high performance CCD Olympus DP 70 in our lab belong to this type of design, frame-transfer.

The last design is interline CCD, which applies the frame transfer concept one step
further. It masks every other column of the image sensor for storage. In other words, only one
pixel shift has to take place to transmit from image row to storage row. Shutter times become
much faster (a microsecond or less), smear is almost diminished, but cost is the highest among
the three designs. So, each kind of CCD architecture is selected depending on each unique

circumstance.
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2.2.4 Potentialstat/Galvanostat

Metal nanowires were synthesized via electrodeposition using Potentialstat/Galvanostat
model 263A from EG&G Instruments. In this model, a high-performance current-to-voltage
(x200 mA and £20 V) converter circuit was incorporated for precision, fast, and low-drift current
measurements, free of degradation from cell-cable resistance, capacitance, and inductance. Low
pass filters were used to eliminate noise arising in the electrochemical cell. The electrochemical
cell consisted of 3 electrodes in which a platinum wire was used as counter electrode, Ag/AgCl
was used as reference electrode, and a layer of metal coating in the back of the sample against

copper tape was used as working electrode.

2.2.5 Scanning Electron Microscopy (SEM)

Scanning Electron Microscope (SEM) JEOL Model 5410 with energy dispersive X-ray
spectrometer (EDS) was used to image metal nanowires and their assemblies. This model offers
high-speed, non-damaging scan control, simple positioning, high resolution imaging, and stable
observation of heated/cooled samples in high vacuum. SEM is considered a highly versatile
instrument for measurement and analysis of microstructure morphology and chemical
composition characterizations®°. SEM, in general, uses a high-energy beam of electrons
(electron gun) to bombard the sample surface and scan it in a raster pattern. The collected
surface signals or so-called secondary electrons, which come from the interaction of electrons
and atoms from the sample, provide surface topography, composition, and electrical
conductivity, etc. This secondary electron signal is able to reach a limit of less than 10 nm

resolving surface structures. Indeed, SEM’s magnification can be as high as 250 times the
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magnification limit of the best light microscopes producing high resolution images of samples of

just nanometers in size.

2.2.6 Transmission Electron Microscopy (TEM)

For even better imaging resolution and characterization of smaller nanoparticles,
transmission electron microscopy was performed on a JEOL Model 2010 LaB6 at 200 kVvoltage
with an attached EDAX Genesis analyzer. In a typical TEM, a beam of electrons from electron
source will be accelerated, filtered by electromagnetic lens system, transmitted through and
interacted with a thin sample at sample holder before forming an image on a screen. Since the
image is produced by the interaction of the electron beam transmitted through the thin sample,
transmission of the electron beam greatly depends upon density and composition of the specimen
being examined. TEM is capable of observing atomic scale resolution imaging. Material
morphology, internal crystal and chemical structures can be identified easily by the combination
of bright-field, dark-field, and electron diffraction®®?!”. Making very thin samples before TEM
observation is always a must. That is why TEM analysis can be very costly and time-consuming

due to sample preparation compared to other characterization techniques.
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Chapter 3

Polystyrene-Quantum Dot-Gold Nanoparticle SET-based Probes for
Bioassays

3.1 Introduction and objectives

QDs have been used as a popular probe to conjugate with different biomolecules in
solution. Because the QD surface is so sensitive to the outside environment, coupling them to
biomolecules and utilizing them in various buffer environments can result in aggregation and
alteration of the unique photochemical properties of the QDs*. To eliminate this undesirable
effect, QDs can be attached to the surface of a biocompatible microsphere or microbead surface.
Furthermore, the huge surface area from the bead itself presents other advantages as well. First,
a large number of QDs can be attached on one single bead so that the bead can act as an
amplifier platform carrying multiple QDs to substantially enhance the signal-to-noise ratio.
Second, purification steps are much easier because the heavier beads can be separated from
unbound substances just by centrifugation. Among different kinds of QD-encoded beads,
coating of QDs on microsphere surfaces via layer-by-layer (LbL) method (Scheme 1.1) is
preferred due to the uniform distribution of QDs**%. In this study, we applied and simplified
this LbL method by employing covalent attachment of just one layer of QDs onto polystyrene
microsphere surfaces without an outer polymer shell. The purpose was to enable analysis and
develop QD-based energy transfer probes for biosensors on microsphere platforms. There are
two basic energy transfer categories: fluorescence resonance energy transfer (FRET) between
two fluorophores and surface energy transfer (SET) by metal induced quenching. The main

difference between the two types of energy transfer is that the acceptor for FRET has to be a
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fluorophore while for SET the acceptor is a metal surface. For FRET, the efficiency of the
energy transfer process is proportional to the inverse sixth power of the distance between donor
and acceptor (1/R®) 812 After the donor is excited, energy can be transferred to excite the
fluorophore acceptor so that the acceptor fluorescence increases and the donor fluorescence
quenches. For SET, the efficiency of the energy transfer process is proportional to the inverse
fourth power of the distance between the donor and acceptor (1/R*)™, and the acceptor is a metal
instead of a fluorophore. As a result, no fluorescence occurs, but quenching of the donor
fluorescence does occur. FRET is highly sensitive and only occurs when the donor-acceptor
distance is no more than 100 A, while SET is not as sensitive and occurs at distances of up to
220 A%,

QD-based probes for SET studies were previously fabricated by different groups by
linking gold nanoparticles to the surface of luminescent QDs. In 2005, Chang and co-workers
previously developed solution assays for proteolytic activity with fairly long response time that
utilized QDs and gold nanoparticles (AuNPs) as donors and acceptors®*®. In 2007, Pons et al.
indicated that non-radiative quenching of the QD emission by proximal Au-NPs is due to long-
distance dipole-metal interactions that extend significantly beyond the classical FRET range’.
In 2009, Li and the group presented DNA detection via dipole-surface energy transfer (SET)
between QD and gold nanorod (GNR)*’. DNA hybridization between complementary strands of
DNA on QD and GNR enclosed the proximity between the two probes causing QD quenching by
transferring emission energy to GNR. Even though QD is a donor transferring energy to
acceptor GNR, this process is preferred as metal-induced quenching, because gold is not a

fluorophore but a metal.
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All of these assays were used in homogeneous systems and were limited by the chemical
and photostability of the linked organic molecules. However, this work for the first time
incorporated a QD-AuUNP SET pair on a polystyrene microsphere platform. QDs served as
donors transferring non-radiative energy to acceptor AUNPs. Since gold is a metal, only

quenching of QDs could be observed.

3.1.1 Water Soluble Quantum Dots

To achieve the above objective, QDs need to be water soluble and chemically accessible
for later coupling chemistries before being attached on polystyrene surfaces. A variety of
mercaptocarboxylic acids have been used to replace TOP/TOPO on QD surfaces (chapter 1) to
make them water soluble and chemically accessible. While the thiol groups attach directly to QD
surfaces, carboxylic acid groups on the other end of the molecule provide QDs with
hydrophilicity?’®. Even though thiol-capped QDs are very common, the mercaptocarboxylic
acid-modified water-soluble QDs are not very stable. Photodegradation studies reveal that the
SH group coordinated to the QD surface inevitably undergoes photooxidation followed by the
formation of disulfide bonds, which leads to the precipitation of the QDs**. This photochemical
instability can be predicted by the relatively weak interaction (non-covalent bond) between the
QD surface and the thiol ligand. Hence, these hydrophilic QDs have a very short shelf life. To
avoid such problems, it is necessary to use another ligand with better binding affinity to modify
the QD surface. Polynhistidine peptide emerges as an ideal candidate for this purpose. Binding
affinity of multiple histidine amino acids is much stronger compared to just simple thiol
attachment to Zn on the QD surface. This greater binding would provide better ligand coating

for water soluble QDs to be involved in any chemical modification. Medintz et al. showed that
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polyhistidine peptides play an important role in enhancing the quantum yield for thiol ligand-
coated QDs*. Mattoussi and co-workers have successfully improved functionality and stability
to QD bioconjugates with polyhistidine peptides before being utilized in bioapplications*9" 1%,
The thickness of the QD-His surface coating is small enough to allow energy transfer from QD
to take place at the surface of the particles.

To start, we synthesized TOPO-capped or so-called organic CdSe/ZnS QDs. Next, we
performed ligand exchange to make the QDs water soluble. After careful consideration, we
decided that 16-mercaptohexadecanoic acid would first be exchanged with TOP/TOPO ligand on
the ZnS surface to provide water-soluble QDs. This mercaptocarboxylic acid was chosen for the
thiol exchange because it is one of the least photochemically active ligands®, and it also provides
an aqueous friendly environment for later binding of subsequent polyhistidine ligands to the QD

surface. Then, synthetic polyhistidine peptides of 10 amino acids K-K-H-H-H-H-H-E-E were

attached to the ZnS shell (Scheme 3.1).
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Scheme 3.1 Chemical modification of QD-TOPO to QD-His

The 6-histidine part of the peptide binds strongly to the ZnS surface while lysine (K) and

glutamic acid (E) amino acids provide multiple carboxyl and amino groups for greater aqueous
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compatibility and more than one coupling chemistry. Attaching QD-His to polystyrene-COOH
microspheres (6-8 um) and aminated gold nanoparticle could be carried out easily with EDC

coupling which is explained in detail in scheme 3.2.
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Scheme 3.2 EDC coupling of carboxylated-polystyrene and QD-His

3.1.2 Quantum Dots and Gold Nanoparticles as SET Donors and Acceptors

Since the QD-AuNP SET interaction is designed to occur on a microsphere platform, QDs
and AuNPs need to be covalently attached to the PS surface. The carboxylated polystyrene beads
were first activated with excess EDC/NHS before being attached to amino groups of QD-His in the
second step. The fluorescence of these PS-QDs shows very high quantum yield vs. non-fluorescence
carboxylated-PS. Next, excess di-amino disulfide linkers were attached to the AuNP surface.
Cystamine has been used as a bi-functional building block in which the thiol groups bind to the gold
surface leaving the free amino groups available for further modification chemistry?®?*t. The most

favorable attachment situation of cystamine di-thiol on the surface of gold involves a cleavage of the
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disulfide bond®®°. Previous spectroscopic data suggest that di-thiol binds preferably through a single

thiol end to gold surfaces®.
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Scheme 3.3 Schematic diagram of (a) water soluble QD-His from TOPO-capped QD via
exchange ligands between TOPO and MHDA molecules plus attachment of synthetic His-tags,
(b) QD-His covalently attaches to PS surface via EDC coupling, and (c) SET between Au and
QD on polystyrene surface; and fluorescence restoration of PS-QD after the removal of AUNP

from the microbead surface.

EDC coupling is again applied among these aminated-gold nanoparticles and the PS-QD
surface. Since QDs and AuNPs are covalently attached by a short linker, the distance between
them is considerably less than 220 A. This narrow distance between QD and gold nanoparticle is
a crucial requirement for SET to take place. As QDs are being excited by UV light, fluorescence
will be diminished because of their energy is transferred to gold nanoparticles in close proximity.

However, the fluorescence of PS-QDs can be restored as gold nanoparticles are removed from
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the system (Scheme 3.3). AuNPs are displaced from PS-QD surfaces when excess dithiothreitol

(DTT) exchanges with cystamine linker between QDs and AuNPs.

3.2 Experimental

3.2.1 Synthesis of TOPO-Capped Luminescent Quantum Dots
Trioctylphosphine oxide (TOPO) capped CdSe/ZnS quantum dots were prepared

following a method first proposed by Peng**?%°

with a slight modification. Briefly, 12.7 mg of
cadmium oxide and 200-250 mg of lauric acid were mixed under a nitrogen atmosphere. The
mixture was heated to ~200 °C to fully dissolve the cadmium oxide (clear color). Then, 2.0 g of
TOPO and 2.0 g hexadecylamine were added to the solution under constant stirring. The
temperature was raised to 250°C before being cooled down slowly to around 200°C. 80 mg
selenium powder was then dissolved in 2.0 mL of trioctylphosphine before being rapidly injected
into the solution under vigorous stirring. The temperature was increased to 280°C before being
cooled down upon the desired color of quantum dots. For shell coating, a 2.0 mL TOP solution
containing 250 pl (TMS),S and 1 ml Zn(Et), was drop-wise injected into the solution. The
reaction mixture was kept at 200°C for one hour before being cooled to room temperature and
washed three times with methanol, centrifuged at 5,000 rpm for 10 minutes each, and re-

dissolved in chloroform. The resulting solution could be stored at room temperature in the dark

for several years.

3.2.2 Water-Soluble Quantum Dots via polyhistidine-peptide (QD-His)
In our lab, water soluble QD-MHDA was prepared from QD-TOPO by ligand

exchanging of TOPO molecules with 16-mercaptohexadecanoic acid molecules. The metal
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binding affinity of polyhistidine to ZnS is much stronger than simple thiol binding. Hence, this
strong binding affinity helped diminish photooxidation of thiols on the QD surface. Multiple
carboxyl and amino groups from lysine (K) and glutamic acid (E) amino acids provided the QD
surfaces with multiple carboxyl and amine groups for better aqueous compatibility and chemical
accessibility. First, water soluble 16-mercaptohexadecanoic acid (MHDA)-capped QDs were
prepared following a procedure published by Bawendi>® with a slight alteration. About 25 mg
MHDA was heated to 75-80°C until completely melted dissolved. Then 3 mL of chloroform + 3
mL of ~ 1.0 uM TOPO-QDs were added to the above solution and stirred overnight at 65-75°C.
The solution was cooled down to room temperature before being mixed with 5-6 mL of aqueous
tetramethylammonium hydroxide pentahydrate (pH ~10) and stirred constantly for 30-45
minutes. A two-phase solution resulted after a few hours. The top aqueous layer, containing the
16-MHDA coated QDs, was collected, centrifuged, and washed with DI H,O to remove any by
products. Spin dialysis was performed with 100,000 Da cut off molecular weight centrifuge
tubes.

QD-MHDA was then incubated with 10-20 molar excess of histag peptide K-K-H-H-H-
H-H-H-E-E at room temperature under constant stirring for 1-2 hours. The final product was
washed by spin dialysis with DI water via 100,000 Da cut off molecular weight centrifuge tubes

before being stored at 4°C in the dark.

3.2.3 Amino-Functional Gold Nanoparticles via Cystamine
To ensure that AUNPs were entirely coated with cystamine, excess cystamine was used
for functionalizing. 2.0 mL of citrate-stabilized, 5.0 nm gold nanoparticles (AuNPs) at 5.0 x 10"

particles/mL were incubated with 50.0 mg cystamine in 1.0 mL water for 2-4 hours at room
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temperature. The product was then washed by spin dialysis with DI water via 30,000 Da cut off

molecular weight centrifuge tubes before being stored at 4°C.

3.2.4 Conjugation of QD-His to Carboxylated-Polystyrenes

1.0 mL of 6 pum polystyrene-COOH in water was activated with 0.1 M 4-
Morpholineethanesulfonic acid (MES) buffer (pH 5.5) before being incubating with a mixture of
3 drops of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) and 1.0 mg N-
hydroxysulfosuccinimide sodium salt (Sulfo-NHS) for 15 minutes at room temperature. The
mixture was centrifuged and washed with 10 mM borate buffer (pH 8.0) or 10 mM MES buffer
(pH 8.0) 3 times before being incubated with 400 pL of 2.0 uM QD-His for at least 2 hours at
room temperature with constant mixing. The product was then centrifuged and washed with DI

water several times before being stored at 4°C.

3.2.5 Conjugation of Cystamine-Au to Polystyrenes-QD and DTT cleavage

PS-QD was activated with 0.1 M MES buffer (pH 5.5) before being incubated with
EDC/NHS for 15 minutes at room temperature. The mixture was washed several times with DI
water before being incubated with 50-100 fold excess of cystamine-Au for 2 hours at room
temperature. Then 5 mg/mL of DTT were incubated with PS-QD-Au before fluorescence signals
were measured at 0, 10, 30, and 60 minutes. EDC/NHS activated QD-PS was used as a positive

control.
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3.3 Results and Discussions

3.3.1 TOPO-capped CdSe/ZnS Quantum Dots

Characterization of TOPO-capped CdSe/ZnS QDs was done by various analyses. High
resolution imaging and characterization of TOPO-capped CdSe/ZnS QDs emitted at around 600
nm were performed by transmission electron microscopy (JEOL Model 2010 LaB6 with EDAX

Genesis analyzer) to obtain size distribution and elemental analysis.
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Figure 3.1 (a), (b) TEM images, and (c) EDS of TOPO-capped CdSe/ZnS quantum dots.

53



Sample preparation involved dropping QD-TOPO in chloroform on carbon-coated copper
grids followed by air drying. Particle size measurements were carried out on raw TEM images.
The average size of these QDs was about 5 nm corresponding to their emitted wavelength at 605
nm. EDS data show all elements (Cd, Se, Zn, S, O and P) which were intended to be included in
the final semiconductor nanoparticle product.

Room light and fluorescence images of TOPO-capped QD solutions in chloroform were
also taken along with fluorescence spectra to confirm that the emission wavelengths were

coordinated with the colors viewed by UV lamp (Figure 3.2).
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Figure 3.2 (a) Room light image (b) fluorescence image and (c) fluorescence spectra of
multiple-colored TOPO-capped CdSe/ZnS QDs.
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3.3.2 Photo-physical properties and fluorescence quantum yield of QD-TOPO, QD-MHDA,
and QD-His

As mentioned earlier, we have carried out a ligand exchange reaction to replace
hydrophobic TOPO ligands with MHDA ligands in order to provide the CdSe/ZnS QD with
aqueous solubility. The MHDA ligands were then bound to peptide molecules that contained
multiple histidine residues through Zn mediated chelation®. This increased the stability of the
QDs in aqueous solution as well as their chemical accessibility.

Figure 3.3 illustrates the luminescence properties of 0.1 mM solutions of CdSe/ZnS QDs
when coated with TOPO, MHDA and histidine peptides. Figure 3.3a shows that the
luminescence intensity of the QDs slightly decreased when the TOPO ligands were exchanged
with MHDA ligands. However, the luminescence intensity was partially recovered when the
MHDA ligands were coated with the histidine peptide molecules. It was reported previously that
His-tag binding to the thiol ligand-coated QDs increased their emission quantum yield ’. More
importantly, figure 3.3b showed that the normalized spectra of the QDs were almost identical.
This indicated that the photophysical properties of the QDs were not significantly affected by

these ligand exchange reactions.
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Figure 3.3 (a) Emission spectra and (b) normalized emission spectra of QD-TOPO (green), QD-
MHDA (red) and QD-His(black) (Aex=400 nm)
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Quantum yield (QY) values of QD-TOPO, QD-MHDA and QD-His were further
determined using Rhodamine B with 590nm emission wavelength as a standard. All samples
were excited at 550 nm and the emission intensity was measured at 590nm. The QY values for
QD-TOPO, QD-MHDA and QD-His were recorded at 0.56, 0.37 and 0.46 respectively. These
results were in agreement with previous studies in which the QY of peptide coated water soluble
QD was found to be lower than the QY of TOPO-QD?°.

To calculate the absolute quantum yield we used the following formula:

QYoo = QYst (Goo/Gsi) (Pao /pst”) [1]
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£ 600 - His
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Figure 3.4 Gradients of fluorescence vs. absorbance of Rhodamine B in ethanol, QD-TOPO in
chloroform, and QD-MHDA and QD-His in DI water.
QYqp is the emission quantum yield of the QD sample. QY is the emission quantum yield of a
standard sample. In our measurements Rhodamine B dissolved in ethanol was used as a standard
with an emission quantum yield of 0.70. Ggp and G were the gradients of the QD and
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Rhodamine B solutions. The gradients were the slopes of linear plots describing the fluorescence
intensity versus absorbance at increased concentrations of QD and Rhodamine B (Figure 3.4).
pop and ps; were the refractive indices of the solvents used to dissolve QD and Rhodamine B.
The refractive indices were 1.4460 for TOPO-QD in chloroform, 1.333 for QD-His in water and

1.361 for Rhodamine B in ethanol.

3.3.3 Quantum Dot Coated Polystyrene (PS-QD)

Attachment of QD-His to polystyrene-COOH microspheres (6-10 pum) was carried out by
carbodiimide or EDC coupling. EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride) coupling is common condensation chemistry between carboxyl groups and amino
groups to produce a stable amide bond. EDC is often used in combination with N-
hydroxysuccinimide (NHS) or sulfo-NHS to increase coupling efficiency. The carboxylated
polystyrene beads were first activated with EDC/NHS before attaching to amino groups of QD-
His. Figure 3.5 illustrates fluorescence and transmission images of PS-COOH and different
color-emitting QD encoded on PS surface. No fluorescent signal was obtained from PS-COOH
as expected, while PS-QD microbeads showed large fluorescent signals. Surprisingly, these QD-
PS microspheres also showed much better fluorescent yield compared to microspheres encoded
with conventional dye. The fluorescence intensity of dye coated PS microspheres was
substantially reduced by self quenching of dye molecules in close proximity to one another on
the surface. The greater fluorescence intensity represented a major advantage of QDs over
conventional dyes in single microsphere-based sensors. Excess QD-His and conventional dye

were provided to maximize occupancy of all available functional groups on polystyrene surface.
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Figure 3.5 First row: fluorescence images of a), PS-COOH c), PS-QD(535) and e) PS-
QD(605); second row: transmission images of b) PS-COOH d), PS-QD(535) and f) PS-QD(605)
Figure 3.6 shows PS microspheres coated with 535-nm and 605-nm emitting QDs. These
PS-QD microspheres showed much stronger fluorescence intensity at the same laser exposure

time (150 milliseconds) compared to PS-A488and PS-Rhodamine microspheres, respectively.

Figure 3.6 Digital fluorescence images of green emitting (Jex = 488 nm, lem = 535 nm) QD-PS
(a) and PS-Alexa 488 (b); and red emitting (Aex = 540 nm, Aem = 605 nm) PS-QD (c) and PS-
Rhodamine (d). Exposure times for all images were 150 msec.
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3.3.4 PS-QD-AuUNP

After cystamine covered the AuNP surface (Scheme 3.4c), EDC coupling was again
applied to link the PS-QD and amino-AuNP. Since QD and AuNP were covalently attached by a
short linker, the distance between them was much less than 220 A. This short distance between
QD and AuNP was a crucial requirement for SET to take place. After being excited, non-
radiative energy transfer occurred from donors (QDs) to acceptors (AuNPs). This SET transfer
was confirmed by quenching of QDs as shown in figure 3.7a and 3.7b. TEM and EDS data also

confirmed the presence of AuNP on the PS-QD surface (Figure 3.8).

Figure 3.7 Fluorescence images of (a) PS-QD605, (b) PS-QD605-Au and ¢) PS-QD605-Au
incubated with 5 mg/mL DTT for 60 minutes.
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Figure 3.8 TEM image (a) and (b) EDS of PS-QD-AuNP
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DTT was then used to displace the cystamine linker on the AuNP surface, removing
AUNPs from the PS-QD surface. The use of 5 mg/mL of DTT resulted in suitable cleavage
kinetics (0-120 minutes) for the analysis. Figure 3.9 confirmed fluorescence restoration of QDs
after removal of AuNPs by treatment with 5 mg/mL DTT for 60 minutes. Figure 3.9a illustrates
the average fluorescence spectra and figure 3.9b shows the peak fluorescence intensity of PS-
QD605-Au incubated with 5 mg/mL DTT at different time points. EDC/NHS activated PS-QD

was used as a positive control.
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Figure 3.9 Average fluorescence intensity of PS-QD-Au incubated with 5 mg/mL DTT at
different time points. (a) Average fluorescence spectra and (b) peak fluorescence intensity @
605 nm.

3.3.5 DTT effect on Quantum Dot photoluminescence

As a control experiment, the effect of DTT the photoluminescence of QD-PS was
investigated. The fluorescence signals of QD-PS when incubated with 5 mg/ml DTT for 1 hour
and in the absence of DTT were analyzed (Figure 3.10). DTT quenching of QDs luminescence

was found to be about 5% causing very small influence on fluorescence restoration of PS-QD.

60



2500 -

2000 -

1500 -

1000 -

500 -

Fluorescence intensity

450 550 650 750
Wavelength (nm)

Figure 3.10 Luminescence of QD-PS in the absence of DTT (blue line) and following incubation
with 5 mg/ml DTT for 1 hour (red line).

3.4 Summary

In summary, we demonstrated stepwise of preparation of small, stable, water soluble, and
non-polymer coated QDs by ligand exchange of 16-mercaptohexadecanoic acids and attachment
of synthetic his-tag peptides. Capping the QDs with histidine-containing peptides greatly
increased their aqueous stability and photoluminescence properties. These QD-His particles were
highly compatible with aqueous media and chemical accessibility for preparation of particle-
based SET probes. QD-His were successfully attached to polystyrene microsphere surfaces
providing QD-encoded beads that showed enhanced fluorescent signals compared to solution-
based QDs. The fluorescence signal-to-noise ratios of polystyrene microbeads coated with QDs
were significantly higher than the corresponding signal-to-noise ratios for polystyrene
microbeads coated with conventional dyes because dye-coated PS suffered quenching due to
close proximity of one dye molecule to another on the bead surface. The addition of AUNPs on
PS-QD surfaces enabled the fabrication of particle-based SET biosensors. SET interactions

between the QDs and AuNPs completely quenched the emission of the QD. The emission of the
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QD was restored when the AuNPs were removed from the PS surface by DTT treatment. The
new PS-QD-Au SET platform opens many new possibilities for carrying out SET and FRET
assays in microparticle-based microarrays. For future development, the versatility of these
assays could be greatly increased by replacing the linkers between the QDs and AuNPs to

selectively respond to specific cleaving or displacement agents.
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Chapter 4

Multiplexing of Polystyrene-Quantum Dot-Alexa A660 FRET-based
Probes for DNA Detection

4.1 Introduction and objectives

Since the discovery of the human genome project, scientists have recognized the
importance of DNA hybridization process. Thoroughly understanding this process will help
develop postgenome technology with greater success®?®. Many research groups have attempted
to fabricate different formats to detect DNA using DNA hybridization. Among the used formats,
fluorescence resonance energy transfer (FRET) based-method has been utilized more often. In
2006, Zhang and co-workers studied quantum dot-based FRET nanosensors using single
molecule detection in capillary flows®. The authors used DNA hybridization to connect Cy5
dye to 605-nm emitted QDs. In 2009, Jiang and co-workers fabricated cascaded FRET in
conjugated polymer/quantum dot/dye-labeled DNA complexes for DNA hybridization
detection??’. Both their work and all other current-state of the art QD-based assays are in
solution. However, the QD surface is so sensitive to the outside environment that coupling them
to biomolecules and utilizing them in various buffer environments can result in aggregation and
alteration of the unique photochemical properties of the QDs*. To reduce this unwanted effect,
QDs can be attached to the surface of a biocompatible microsphere or microbead surface.
Researchers favored this approach due to the following advantages. First, a large number of
QDs can be attached on one single bead so that the bead can act as an amplifier platform carrying
multiple QDs to substantially enhance the signal-to-noise ratio. Second, purification steps are

much easier because the heavier beads can be separated from unbound substances just by
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centrifugation. Among different kinds of QD-encoded beads, coating of QDs on microsphere
surfaces via layer-by-layer (LbL) method (Scheme 1.1, Chapter 1) is preferred due to the
uniform distribution of QDs**3. However, incorporating FRET in QD-encoded microspheres
using LbL method can still be a challenge because the outer polymer layer to protect QDs
prevents them from transferring energy to the outside environment. To solve this problem, in our
study, for the first time, we apply and simplify this LbL method by employing covalent
attachment of just one layer of QDs onto polystyrene microsphere surfaces without an outer
polymer shell. The purpose is to enable analysis and develop QD-based FRET probes for optical
and biomedical detecting on microsphere platforms.

In details, we both developed FRET-based probes on a single microsphere surface to
detect DNA and incorporated multiplexing characteristics from QDs into the application. As
mentioned in chapter 3, with the use of QD-encoded microbeads for energy transfer assays,
fluorescent signals from QDs were significantly enhanced and aggregation of QDs in solution
was greatly eliminated. Since QDs are superior to conventional dyes due to their unique
properties which create very broad absorption spectra, narrow and symmetrical emission spectra,
tunable size-wavelength dependence, and low photochemical degradation, QDs are the best
suited candidate for multiplexing where multiple emission signals can be simultaneously
detected. In this work, two different color-emitting QDs were used for multiplexing and FRET
with a fluorophore Alexa Fluor 660.

FRET was expected between donor QD and an acceptor thiol-reacted dye Alexa Fluor
660 (A660) attached to the QD via a hairpin single-stranded DNA (ss-DNA). This resulted in
quenching of QD fluorescence and enhancing A660 emission without direct excitation of A660.

The main-ss-DNA was designed such that it contained a sequence in which some complementary
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monomers were located at both ends. This enabled the DNA to loop to itself and bring both ends
in close proximity (less than 10 nm) for FRET to occur*?. A660 was chosen because it has very
broad absorption from below 300 to 750 nm, allowing multiplexing between different color
emitting QDs and the dye. QDs that emitted at 540 nm and 615 nm were used as multiplexing
FRET donors since their emission spectra are well-separated. Upon addition of a complementary
DNA that hybridizing to the hairpin ss-DNA, it was expected that the double-stranded DNA
would open up and relocate A660 further away from QD surface. Hence, the distance between
QD and the dye would larger than before, allowing for restoration of QD fluorescence. Scheme
4.1 illustrates step-by-step fabrication of the PS-QD-DNA-AG660 probe before and after DNA
hybridization. Table 1 (chapter 2) includes the three modified main single-stranded
oligonucleotides (main-ssDNAland main-ss-DNA3) and their complementary strands

(complementl and complement3) that were used in this project.
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Scheme 4.1 Schematic diagram of stepwise fabrication of PS-QD-DNA-A660 probe
before and after DNA hybridization
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For successful conjugation of all necessary steps for FRET to occur, the main-ss-DNA
had to be carefully functionalized to provide available amino and thiol groups at either end for
QD and fluorophore attachment. After attaching QD-His to PS surface, the available amine
groups from the hairpin ss-DNA and the available carboxyl groups on PS-QD probes were
conjugated to one another via EDC coupling. This coupling left a free end of the main-ss-DNA
with an available thiol group for covalent attachment of the thiol-reactive A660 fluorophore. All
conjugating steps and subsequent purification steps were done by centrifugation to eliminate the

use of complex gel filtration columns.

4.2 Experimental

4.2.1 Synthesis of TOPO-Capped Luminescent Quantum Dots

Trioctylphosphine oxide (TOPO) capped CdSe/ZnS quantum dots were prepared
following a method first proposed by Peng’® with a slight modification. Briefly, 12.7 mg of
cadmium oxide and 200-250 mg of lauric acid were mixed under a nitrogen atmosphere. The
mixture was heated to ~200 °C to fully dissolve the cadmium oxide (clear color). Then, 2.0 g of
TOPO and 2.0 g hexadecylamine were added to the solution under constant stirring. The
temperature was raised to 250°C before being cooled down slowly to around 200°C. 80 mg
selenium powder was then dissolved in 2.0 mL of trioctylphosphine before being rapidly injected
into the solution under vigorous stirring. The temperature was increased to 280°C before being
cooled down upon observation of the desired color of quantum dots. For shell coating, a 2.0 mL
TOP solution containing 250 pl (TMS),S and 1 ml Zn(Et), was injected dropwise into the
solution. The reaction mixture was kept at 200°C for one hour before being cooled to room

temperature and washed three times with methanol, centrifuged at 5,000 rpm for 10 minutes
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each, and re-dissolved in chloroform. The solution could be stored at room temperature in the

dark for up to several years.

4.2.2 Water-Soluble Quantum Dots via polyhistidine-peptide (QD-His)

Water soluble 16-mercaptohexadecanoic acid (MHDA)-capped QDs were prepared
following a procedure published by Bawendi® with a slight alteration. About 25 mg MHDA
was heated to 75-80°C until completely melted. Then 3 mL of chloroform + 3 mL of ~ 1.0 pM
TOPO-QDs was added to the above solution and stirred overnight at 65-75°C. The solution was
cooled down to room temperature before being mixed with 5-6 mL of aqueous
tetramethylammonium hydroxide pentahydrate (pH ~10) and stirred constantly for 30-45
minutes. A two-phase solution resulted after a few hours. The top aqueous layer, 16-MHDA
coated QDs, was collected, centrifuged, and washed with DI H,O to remove any by products.
Spin dialysis was performed with 100,000 Da cut off molecular weight centrifuge tubes. QD-
MHDA was then incubated with 10-20 molar excess of histag peptide K-K-H-H-H-H-H-H-E-E
at room temperature under constant stirring for 1-2 hours. The final product was washed by spin
dialysis with DI water via 100,000 Da cut off molecular weight centrifuge tubes before being

stored at 4°C in the dark.

4.2.3 Conjugation of QD-His to Carboxylated-Polystyrenes

1.0 mL of 6 pum polystyrene-COOH in water was activated with 0.1 M 4-
Morpholineethanesulfonic acid (MES) buffer (pH 5.5) before being incubated with a mixture of
3 drops of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) and 1.0 mg N-

hydroxysulfosuccinimide sodium salt (Sulfo-NHS) for 15 minutes at room temperature. The
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mixture was centrifuged and washed with 10 mM borate buffer (pH 8.0) or 10 mM MES buffer
(pH 8.0) three times before being incubated with 400 puL 2.0 uM QD-His for at least 2 hours at
room temperature with constant mixing. The product was then centrifuged and washed with DI

water several times before being stored at 4°C.

4.2.4 Conjugation of Rhodamine Red to main-ss-DNA

The hairpin main-ss-DNAs and their complements were designed following Medintz el
al.*? with a slight modification. Main-ss-DNA in 10 mM MES buffer (pH 7.5) was incubated
with at least 100X Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) at room temperature for
up to 30 minutes. Then, a 2:1 ratio of Rhodamine Red C, maleimide in DMSO was added to the
above main-ss-DNA solution. The reaction was incubated for about 2 hours at room temperature

with constant mixing. No further purification was necessary.

4.2.5 Conjugation of main-ss-DNA-Rhodamine Red to PS-QD

PS-QD was activated with EDC/NHS in 0.1 M MES buffer (pH 5.5) and resuspended in
10 mM MES (pH 7.5). Various ratios of main-ss-DNA-Rhodamine Red from 0.2 to 4.0 nmol
were added to every 200 puL of EDC-activated PS-QD. All samples reacted at room temperature
with constant mixing for 2-4 hours. The product was washed and centrifuged with 10 mM Tris-

HCl + 1 mM EDTA (pH 8.0) several times before being stored at 4°C.

4.2.6 Conjugation of main-ss-DNA to PS-QD
Main-ss-DNA was conjugated to PS-QD surface via EDC coupling at a ratio of 2.5 nmol

main-ss-DNA for every 1.0 mL PS-QD. Similar steps were done as previously described to
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activate PS-QD surface before main-ss-DNA in 10 mM borate buffer (pH 8.0) or 10 mM MES
buffer (pH 8.0) was added to the mixture. The mixture was then incubated with constant mixing
at room temperature for 2-4 hours. The product was washed and centrifuged with 10 mM Tris-

HCI + 1 mM EDTA (pH 7.5) several times before being stored at 4°C.

4.2.7 Attachment of Alexa Fluor 660 C, maleimide to PS-QD-main-ss-DNA

1.0 mL of PS-QD-DNA in Tris-HCI EDTA (pH 7.0, above solution) was incubated with
5 pL of 0.5 M TCEP for 30 minutes with constant mixing at room temperature. The solution
was then centrifuged and washed a couple of times with Tris-HCI EDTA (pH 7.5). Various
ratios from 1 to 10 nmol of Alexa Fluor 660 C, maleimide in DMSO were added to every 200
pL of PS-QD-DNA mixed constantly at room temperature for 1-2 hours. The solution was
centrifuged and washed several times with 10 mM Tris-HCI + 1 mM EDTA (pH 8.0) before

being stored at 4°C.

4.2.8 PS-QD-Rhodamine Red or PS-QD-A660 and complement DNA via DNA hybridization
PS-QD-DNA-A660 product from previous step was incubated with 10x molar excess of

complement DNA in the same buffer (10 mM Tris-HCI + 1 mM EDTA pH 8.0) for at least 2

hours at room temperature. No further purification step was necessary before analysis. All

samples were placed in a 96-well plate and measured using microplate reader.
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4.3 Results and Discussions

As presented in Chapter 3, TOPO-coated QDs, QD-MHDA, and QD-His retained the
same photophysical properties. After ligand exchanging, their quantum yields were not
significantly affected. QD size measurements were carried out by analysis of raw TEM images.
The average size of these QDs was about 5 nm corresponding to their emitted wavelength. EDS
data showed all elements Cd, Se, Zn, S, O and P which were intended to be included the final
semiconductor nanoparticle product. PS-COOH microspheres were evenly coated with QD-His

by EDC coupling. PS-QD particles were monodisperse and not aggregated.

4.3.1 Absorbance and Emission Spectra

As stated in Chapter 1, FRET is defined as a non-radiative energy transfer process
between two chromophores, one donor and one acceptor®*?, The process occurs when the
donor in its excited state transfers energy non-radiatively to the acceptor. As a result, the donor’s
fluorescence intensity is quenched, while the acceptor’s fluorescence is increased. There are
three important requirements for FRET to occur: i) spectral overlap of the donor emission and
acceptor absorption spectra, ii) the distance between the two chromophores must be less than 10
nm, and iii) donor and acceptor transition dipole orientation must be approximately parallel.
Therefore, the dye absorbance/emissions and QD emission spectra were analyzed to observe the

FRET effect.
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Figure 4.1 Absorbance and emission spectra of a) QD(540) and Rhodamine Red dye and b)
QD(540), QD(615), and A660 dye

Figure 4.1 illustrates absorbance and emission spectra of Rhodamine Red, A660, and
QDs. The spectra confirmed that the QD emission and the absorbance of the dyes overlapped.
Moreover, the emissions of the dyes were also well-separated from QD emission. All samples
were placed in 96-well plates and read by a microplate reader.

Figure 4.2 shows the FRET phenomenon between PS-QD(540) before and after
conjugating to main-ss-DNA1-Rhodamine Red. The emission spectra were collected from
samples placed in a 96-well plate and read by a microplate reader. The excitation wavelength
was selected at 400 nm to avoid directly exciting the Rhodamine Red dye. Figure 4.2a
demonstrates that Rhodamine Red emission increased as higher concentrations of main-ss-
DNAZ1-Rhodamine Red were attached to the PS-QD(540) surface. Figure 4.2b illustrates the
fluorescence restoration of PS-QD(540) after being hybridized with the complementary strands
of main-ss-DNA1 (complementl or compl). Emission of Rhodamine Red at 595 nm decreased
as emission of QDs at 540 increased. Therefore, FRET transfer was evident and significant
enough for detection in the PS-QD(540)-DNA1-Rhodmaine probes. Despites preliminary
success of PS-QD(540)-DNA1-Rhodmaine probes, we think these probes could be further

improved. First, the sensitivity of this probe could be enhanced if signals of every single particle
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platform were detected and averaged using more advanced analytical instruments. Second,
fluorescence restoration could be higher by exploring better compatible buffer environments as

well as DNA hybridization conditions.
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Figure 4.2 Emision spectra of a) PS-QD(540) before and after conjugation with increased
concentrations of main-ss-DNA1-Rhodamine Red (RRC2) and b) hybridization with 10X molar
ratio of complementary strands (compl).

After analyzing FRET effect between PS-QD(540) and Rhodamine Red dye using main-
ss-DNAL as a linker, FRET effect beween PS-QD(540), PS-QD(615) and A660 dye were also
examined using main-ss-DNA3 as a linker. Since A660 dye contained free amino groups in its
molecular structure, main-ss-DNA3 had to be EDC-coupled to the PS-QD(615) surface first.
Then, main-ss-DNA3 with available thiolated end was attached to A660 maleimide. This step
was necessary to avoid any direct cross-linking of A660 to the PS-QD(615) surface. Figure 4.3
demonstrates that after the attachment of main-ss-DNA1 and main-ss-DNA3 to their surfaces,
the photophysical and photochemical properties of PS-QD(540) and PS-QD(615) remained the
same. After the attachment of A660, clear FRET signals occurred between PS-QD(540) to A660

as well as between PS-QD(615) to A660.

72



2500 10000

a) b)
2000 8000

—P3-QD(615)

1500 6000 PS-QD(615)-DNA3-AB60
—Ps5-QD{540)
——P5-QD(615)-DNA3
—P5-QD{540)-DNA1L

1000 4000

P5-QD{540)-DNA1-AG60

Fluorescence Intensity (a.u.)
Fluorescence Intensity (a.u.)

2000

w
(=]
(=]

——— - 0 -+

500 550 600 650 700

0
500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 4.3 Emission spectra of a)PS-QD(540) before and after attaching of DNA1 and A660;
and b)PS-QD(615) before and after attaching of DNA3 and A660
Figure 4.4a specifies that A660 had minimal non-specific binding to the PS-QD(615)

surface under the experimental conditions. The excitation wavelength was selected at 400 nm to
avoid direct exciting of A660 fluorophore. Figure 4.4b shows quantitative analysis of FRET as
different concentrations of A660 fluorophore were attached to PS-QD(615)-DNA3. The
emission of PS-QD(615) decreased as the concentration of A660 fluorophore increased
accordingly. As 2.5 uM total concentration of A660 was incubated with PS-QD(615)-DNAS3,
A660 emission did not increase further. This indicates that all of the main-ss-DNA3 attached on
PS-QD(615) surface bonded with A660. Figure 4.4c shows the quantitative fluorescence
restoration of QDs at 615 nm after being incubated with different concentrations of
complementary strands of main-ss-DNA3 (complement3 or comp3). When we used ten times
(10X) the amount of complement3 (compared to main-ss-DNA3) to hybridize the main-ss-
DNAS3 on the PS-QD(615) surface, fluorescence restoration of PS-QD(615) became highest after
2 hours of hybridization. However, emission of A660 did not diminish accordingly. We believe
that this happened because when all of the hairpin main-ss-DNA3 attached on PS-QD(615)
surface bonded with A660, all of the attached A660 dye molecules could be in close proximity.

As the complement3 hybridized with main-ss-DNA3, A660 was displaced away from the PS-
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QD(615) surface and far away from each other, which reduced self-quenching effect of A660

dye.
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Figure 4.4 Emision spectra of a)PS-QD(615) vs. PS-QD(615) incubated with A660, b)PS-
QD(615)-DNA3 before and after attachment of increased concentrations of A660 dye and
d)hybridization with increased concentrations of complementary strands (comp3).

The last step in this project was to fabricate FRET and multiplexing between PS-
QD(540), PS-QD(615) and A660. First, the PS-QD(540)-DNAL and PS-QD(615)-DNA3 were
mixed together before being attached with A660. Then, 10X complementl and 10X
complement3 were added to the PS-QD(540+615)-DNA-A660 for hybridization. Since
complementl is the exact complementary strand of main-ss-DNAL, it becomes non-
complementary strand of main-ss-DNAS3, and vice-versa. Figure 4.5 demonstrates that FRET
occurred between PS-QD(540+615)-DNA and A660 because emission of A660 was present even
without being directly excited at 400 nm. Moreover, after being incubated with 10X
complementl and complement3, hybridization of each complement took place and caused
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specific fluorescence restoration of PS-QD(540) and PS-QD(615). As indicated in figure 4.5,
there was some unexpected fluorescence restoration of PS-QD during the incubating process
with non-complementary strands of DNA. However, the unexpected fluorescence restoration
was lower than the expected signals. Overall, figure 4.5 shows that there was FRET and
multiplexing between PS-QD(540), PS-QD(615) and A660. We believed that the unexpected
fluorescence restoration could be minimized or eliminated through careful experimental

conditions and careful designs of DNA sequences.
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Figure 4.5 Emission spectra of PS-QD(540)-DNA1-A660 and PS-QD(615)-DNA3-A660

before and after hybridization of 10X of complementl and 10X of complement3.
4.3.2 Fluorescence imaging

It was evident in Figure 4.6a that PS-QD(540) were monodisperse, non-aggregated, and
emitted green fluorescence. After attachment of main-ss-DNA1-Rhodamine Red to the PS-
QD(540) surface, the PS-QD(540) emission appeared light yellow (figure 4.6b). This was a
result of a decrease of PS-QD(540) emission and an increase of Rhodamine Red emission at 590
nm. Overlapping of green (540 nm emission) and orange (590 nm emission) results in the
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perception of yellow emission. After the incubation with complementl, which was
complementary strand of main-ss-DNAL, hybridization of DNA strands displaced Rhodamine
Red fluorophore further away from the PS-QD(540) surface. This in turn resulted in restoration
of 540-nm emission. Figure 4.6¢ confirms that the emission changed back to light green as some

of 540-nm emission returned.

Figure 4.6 Fluorescence images of a)PS-QD(540), b)PS-QD(540)-DNA1-RRC2, and c)PS-
QD(540)-DNA1-RRC2+10X complementl
Figure 4.7 demonstrates the monodisperse PS-QD(540) and PS-QD(615) microspheres
emitted green and red colors respectively. The brighter red particles compared to green particles

confirmed higher emission intensity of PS-QD(615) compared to PS-QD(540).

Figure 4.7 Fluorescence images of a) PS-QD(540), b) PS-QD(615), and ¢) PS-QD(540) and PS-
QD(615)
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Since A660 emitted at 695 nm, its deep red color could only be slightly detected by
human eyes. Furthermore, our CCD camera detection decreased significantly as it approached
650 nm and longer emission wavelengths. Consequently, small changes in A660 signals could
only be detected by microplate reader but not by the fluorescence microscope CCD camera.
Figure 4.8 confirms that FRET signals between PS-QD(540), PS-QD(615) and A660 were hardly
detected by fluorescence imaging (Figure 4.8). However, imaging of FRET and multiplexing
using PS-QD platforms could be possible if we selected the right QD emission wavelengths vs.
corresponding fluorophores and/or analyzed samples by instrumentation with better detection

range.

Figure 4.8 Fluorescence images of a) PS-QD(540)-DNA1+ PS-QD(615)-DNA3, b)PS-QD(540)-
DNA1-A660+PS-QD(615)-DNA3-A660, ¢) PS-QD(540)-DNA1-A660+PS-QD(615)-DNA3-A660
+ complementl, and d) PS-QD(540)-DNA1-A660+PS-QD(615)-DNA3-A660 + complement3
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4.4 Summary

In summary, we presented for the first time the fabrication of multiplexing of QD-
fluorophore FRET-based probes on microsphere surface to detect DNA. Similar to the method
used in Chapter 3, we demonstrated stepwise preparation of small, stable, water soluble, and
non-polymer coated QDs by ligand exchange of 16-mercaptohexadecanoic acids and attachment
of synthetic his-tag peptides. Capping the QDs with histidine-containing peptides greatly
increased their aqueous stability and photoluminescence properties. These QD-His particles were
highly compatible with aqueous media and chemical accessibility for preparation of particle-
based FRET probes. QD-His were successfully attached to polystyrene microsphere surfaces
providing QD-encoded beads that showed much enhanced fluorescent signals compared to
solution-based QDs. Emission spectra of QDs plus emission and absorbance spectra of
Rhodamine Red and A660 fluorophores confirmed possible FRET and multiplexing interactions
between QDs and the dyes. FRET from PS-QD(540) to Rhodamine Red while held together by
main-ss-DNAL1 was confirmed by quantitative data, fluorescence restoration of PS-QD(540), and
color-changed fluorescence images before and after DNA hybridization.

To further explore multiplexing properties of the particle-based FRET probes, data of
FRET signals between PS-QD(540) and PS-QD(615) to A660 were also quantified, analyzed,
and confirmed. Both FRET and multiplexing occurred simultaneously in the same probe. After
being hybridized with complementary DNA strands, specific fluorescence restoration of PS-
QD(540) and PS-QD(615) were significant enough to be distinguished. Even though there was
some unexpected fluorescence restoration of PS-QD when being incubated with non-
complementary strands of DNA, signals from specific fluorescence restoration of PS-QD were

still dominant. This unexpected limitation could be minimized or eliminated through careful
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experimental conditions and careful designs of DNA sequences. In addition, imaging of FRET
and multiplexing using PS-QD platforms could be possible if we select the right QD emission
wavelengths vs. corresponding fluorophores and/or analyzed samples by instrumentation with
better detection range. It is also feasible to multiplex more than two colors of QDs by carefully
analyzing the overlapping of donor emission and acceptor absorbance. Moreover, we have
identified other shortcomings which could be improved to raise the probes’ sensitivity. One
solution would be the utilization of more advanced equipments for individual microbead
detections. We could also enhance fluorescence restoration by exploring better compatible

buffer environments as well as DNA hybridization conditions.
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Chapter 5

Nano-Structures from Metal Nanoparticles and Template-based
Metal Nanowires Assemblies via DNA Hybridization

5.1 Introduction and objective

Atomic-sized devices present huge potential and interest for scientific technical, medical,
and industrial fields. The electronic industry over the last few decades has grown tremendously
since the start of smaller lithographically fabricated apparatus in silicon integrated circuits®*.
However, as we begin to build much smaller and faster electronic devices such as nano-circuits,
miniaturization by lithography or so-called “top-down” approach has its own limitations
compared to “bottom-up” molecular electronics. The first obvious disadvantage is that
lithography itself does not work well below 50-nm patterning, which can be a problem for small
detailed work of nano-circuits. Secondly, the self-assembly of individual elements as building
blocks into mass production of complex nano-electronic circuits is preferred in terms of handling
and production cost. This self-assembled method, indeed, remains one of the most promising
methods for predicting, controlling, synthesizing, and organizing structures that are larger than
molecules??2%°,

DNA has drawn significant attention for this self-assembled approach due to its
extraordinary molecular recognition properties and structural features. By combining DNA’s
specific hybridization characteristics with individual synthetic nanometer components, we can
design and develop any imaginable nano-structures. Short DNA or oligonucleotides are
considered a “smart” tool to assemble components since their binding affinity can be not only be

specific, complementary, and reversible, but also synthetically mismatched-designed for binding

kinetics. By exploring DNA’s structural properties and the unique base-complement rules,
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nanoparticle positioning can be carefully controlled at the sub-nanometer scale using
oligonucleotides as templates™. Consequently, DNA can play a major role in creating nano-
architectures with applications in nano-electronic and photonic device assembly. DNA
hybridization for self-assembly has been used successfully by many research groups®” .
Mirkin’s group has presented a number of publications on colorimetric sensors via assembling of
single-stranded DNA coated gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs)°" 2,
Alivisatos and co-workers also published many studies of building nano-structures using discrete
DNA-gold building blocks in which the number of DNA strands is controlled®*®’. Recently,
Wang and co-workers investigated photonic interaction between QDs and AuNPs connected by
self-assembled DNA in discrete nanostructures®. However, all of these studies self-assembled
only the same shape of nanomaterials, nanoparticles. As mentioned in details from Chapter 1,
Mallouk and Kovtyukhova> explained why using metal nanowires as building blocks is a better
choice compared to other nanomaterials. First, surface chemistry, length, diameter, and transport
properties of metal nanowires can be precisely controlled by synthesis. Secondly, their low
resistivity and established coupling chemistry are more advanced than carbon nanotubes and
semiconductor nanowires. Furthermore, synthesizing the metal nanowires by porous template-
based approach is preferred over other methods due to simplicity, low cost, uniform sizes and
shapes. In 1999, Martin and co-works first developed template-synthesized micro- and

nanowires for self-assembly of supermolecular architectures®®

. In this study, the authors used
micro and nanowires along with nanoparticles as building blocks for their nano-structures,
biotin/streptavidin chemistry and conducting polymer materials were used for component self-

assembly. In addition, Mallouk and coworkers showed that thiolated single-stranded DNA could

be attached precisely at the tips of template-based metal nanowires or along the nanowire at any

81



distance from the tips**"**

. Because of this site-specific characterization, metal nanowires, in
theory, can be assembled into any shape controllably. Despite the potential advantages, for
almost a decade, little work has been done to explore much further in this specific research
direction. Instead, many research groups have used DNA as templates to grow metal into nano
building blocks?*#**2*® " This method, however, only provides the same kind of metal for the
same building block and do not have good control over overall desired structures compared to
the self-assemblies of template-based metal nanowires using DNA hybridization as a tool.
Therefore, the objective of this project was, for the first time, to build simple nano-structures as
electronic building blocks by using metal nanoparticles and nanowires that have selective-
binding sites via DNA hybridization.

Common commercially available porous membranes including polycarbonate (PC) and
anodic aluminum oxide (AAO) membranes were used as templates to produce uniform sizes and
shapes of metal nanowires. Metal nanowires could be easily grown electrochemically using a
metal cathode and a metal anode inside a metal plating solution. The metal anode in this case
was the porous membrane that was metal-coated on its back side. To obtain gold or nickel
nanowires, either gold or silver would be coated on the back side of the membranes. To obtain
silver nanowires, on the other hand, only gold should be coated on the back side of the
membranes. During the process of electrodeposition, metal ions suspended in the plating
solution migrated under the influence of the electric field and were deposited onto the metal
anode, or the metal-coated porous membrane. As metal ions were deposited into the pores, metal
nanoparticles were formed on top of one another. Eventually, the aggregated metal nanoparticles

grew vertically into metal nanowires with diameters corresponding to the pore sizes. The length
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of these nanowires could be controlled by manipulating deposition time. Metal nanoparticles
were obtained from commercial sources.

To achieve the project’s objective, first, we fabricated metal nanowires electrochemically
before attaching thiolated oligonucleotides onto the nanowire tips. Thiol interaction with metal
surface is by far the most well-established method. It has attracted great interest due to the

formation of well-organized self-assembled monolayers?*’2*,

Our custom oligonucleotides
were thiolated at 5” end for this purpose. Each strand was only 13-base-pairs long, including 3
base pairs as spacer that could be attached to a metal surface through a thiol linker. Table 1
(Chapter 2) includes the four thiolated single-stranded oligonucleotides that were used in this
project: oligol, oligo2, oligo3, and oligo4. Oligoland oligo2 are complementary to each other
and similarly for oligo3 and oligo4. As two different metal surfaces were coated with
complementary strands of the above oligonucleotides, hybridization between the strands took
place to assemble the metal surfaces together. To ensure that either metal nanoparticle or
nanowire would be assembled at the tip of another nanowire, thiolated oligonucleotides were
attached while the metal nanowires were still intact inside the membrane used for templated
synthesis of the wire. Then the membrane was dissolved away leaving the metal nanowires with
attached oligonucleotides at their tips for later DNA hybridization. As a result, the products of
this design were metal nanoparticles or metal nanowires attached to one of the tips of the
template-based metal nanowires.

To achieve other nano-structures for electronic building blocks, we intended to leave the
other tip of the nanowires available for other nanocrystal attachments. Before attaching

oligonucleotides to this tip of the nanowires, we had to remove the metal coating layer of the

membranes. Since we encountered various metals that were coated in the back of the porous
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membranes, removing the metal coating layers could significantly interfere with or completely
dissolve the nanowire structures. Therefore, we explored another route of fabricating metal
nanowires without involving the back coatings. Indeed, metal nanowires can also be grown
chemically. One of the most popular wet chemical approaches involved the reduction of seeding
metal nanoparticles to grow metal nanowires under ambient conditions®*>*®. Particularly, gold
nanorods can be grown by wet chemical reduction of gold salts involving
cetyltrimethylammonium bromide (CTAB), a surfactant-based solution®”’. Most recently, Zhou
and co-workers presented a protocol to fabricate metal nanowires via an ambient and
surfactantless synthesis**. Since the authors did not employ surfactant or catalyst seed particles,
extensive washing steps of using strong acid/base solvents or organic solvents to remove
surfactant or catalytic metal could be avoided. In this study, we incorporate their protocol to
fabricate our own metal nanowires. This is very important because our oligonucleotide-modified
metal nanowires will not contact non-compatible solvents that would alter the oligonucleotides’

abilities to hybridize later.

5.2 Experimental

5.2.1 Synthesis of template-based metal nanowires via electrodeposition

Both anodic aluminum oxide (or alumina) membranes and polycarbonate membranes
were metal coated on one side accordingly before being electrodeposited. Copper tape was used
as a stable anchor for the membranes before the membranes were placed in electrochemical cells.
Polycarbonate membranes were used more often than alumina membranes in this project due to
their unique characteristics when working with oligonucleotides. Alumina membranes were

dissolved using 0.5 M NaOH while absolute dichloromethane (CH,Cl,) were used for
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polycarbonate membranes.

Orotemp 24 gold, silver 1025 RTU, and nickel sulfamate plating solutions were used for
deposition of gold, silver, and nickel nanowires, respectively. Either gold or silver could be
coated on one side of the membrane for conducting purpose. Negative 0.3 mA-negative 0.9 mA

current and 5-30 minutes were applied to produce desired nanowire lengths.

5.2.2 Synthesis of template-based metal nanowires via electroless deposition

Experimental procedures for synthesizing Au, Ag, and Ni nanowires were conducted
following a study by Zhou et al. in 2009 with a slight modification?*®. Either an alumina or a
polycarbonate membrane was mounted between a custom 2 half-cell-U-tube. Typically, one
half-cell was filled with 0.1 M of corresponding metal salts (HAuCl, for Au, AgNO; for Ag, and
Ni(Il)nitrate hexahydrate for Ni), while the other half-cell was filled with 0.5 M of solution of
NaBH, in ethanol. The two solutions were reacted at room temperature from 30-60 minutes to
obtain the desired length of the metal nanowires. Then the reagents were removed and the

membrane was washed off of any residue with DI water.

5.2.3 DNA attachment to nanowires

Oligo1l and/or Oligo3 (table 1) in 10 mM Tris-HCI 1 mM EDTA pH 8.0 were incubated
with 50 pL TCEP solution for 30 minutes at room temperature to cleave disulfide bond (S-S) at
5’ end. Meanwhile, alumina anodic oxide membrane or polycarbonate membrane containing
metal nanowires were wetted with 10 mM Tris-HCI 1 mM EDTA pH 8.0 for at least 30 minutes.
Then thiolated oligos were incubated at 100:1 to number of metal nanowires for 2 hours at room

temperature. DNA was conjugated to metal nanowires while they were still intact inside the
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membrane to ensure that DNA only located on the tips of the wires. After DNA attachment, the
sample was washed with DI water thoroughly and let air dry before being dissolved extensively
in 50 mM NaOH for alumina anodic oxide membrane and CH,CI, for polycarbonate membrane
to completely remove the membrane. After the membrane was dissolved away, nanowires

containing DNA were resuspended in 10 mM Tris HCI 1 mM EDTA pH 8.0.

5.2.4 DNA attachment to nanoparticles

Oligo2 and/or oligo4 (table 1) in 10 mM Tris-HCI 1 mM EDTA pH 8.0 were incubated
with 50 pL TCEP solution for 30 minutes at room temperature to cleave disulfide bond (S-S) at
5’ end. 1,500:1 ratio®*® of thiolated DNA were mixed with nanoparticles (gold or silver).
Sodium dodecyl sulfate (SDS) was added to bring the mixture to 0.01% of SDS and phosphate
buffer was added to bring the mixture to 10 mM of phosphate buffer. The mixture was vortexed

before being incubated at room temperature for 2 hours.

5.2.5 DNA hybridization
2:1 or more ratio of DNA conjugated nanoparticles were incubated to metal nanowires
for at least 2 hours at room temperature. Up to 100 mM of NaCl was added to increase ionic

strength. Sample was washed with DI water before being prepared for SEM imaging.

5.3 Results and Discussions

5.3.1 SEM imaging
Figure 5.1 and Figure 5.2 show the presence of electrochemical prepared standing Au

nanowires after PC and AAO membranes were dissolved away. The nanowires were uniform in
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diameter due to uniform pore sizes of the membranes. Their lengths were manipulated to desired
scale by simply controlling deposition time. Figure 5.1 indicates that even though intensive
washing of PC membrane was done with dichloromethane (CHCl,), there was still some
polycarbonate material left around the bottom of the nanowires. On the other hand, sodium
hydroxide (NaOH) at concentration of 3M removed AAO membrane completely (Figure 5.2),
the whole structure of the metal nanowires from top to bottom was clearly shown. EDS data

show the presence of Au element, which indicates the nanowires are Au nanowires.
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Figure 5.1 SEM images of different lengths of standing Au nanowires grown from porous
polycarbonate membranes. The membrane was dissolved away by dichloromethane. The pore
size of the membrane is 30 nm. EDS data indicate the presence of Au element.
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Figure 5.2 SEM images of different lengths and diameters of standing Au nanowires grown from
alumina membranes. The pore sizes of the membranes are a) 40 nm and b) 200 nm. EDS data
indicate the presence of Au element.

Figure 5.3 demonstrates that Au nanoparticles were attached on the tips of standing
electrochemical and PC-templated Au nanowires. The image clearly shows the barrier between a

gold nanowire and a monodisperse gold nanoparticle. This indicates that oligonucleotides were
selectively attached to the tips of the Au nanowires. It also confirms the hybridization of
complementary oligonucleotides that were used to modify the Au nanoparticles and the Au

nanowires. EDS data confirm the presence of just Au element, which is an indication of both Au

nanowires and Au nanoparticles.
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Figure 5.3 SEM images of Au nanoparticles attached to the tips of standing electrochemical PC-
templated Au nanowires. EDS data indicate the presence of Au element.

Figure 5.4 illustrates that some individual Ag nanoparticles were connected to the tips of
electrochemical and PS-templated Ni nanowires. However, it also shows that most of
oligonucleotide-modified Ag nanoparticles were aggregated to form large Ag nano-clusters
instead of monodisperse individual particles like oligonucleotide-modified Au nanoparticles in
Figure 5.3. We found that Ag nanoparticles tend to be easily aggregated when being surface-
modified compared to Au nanoparticles. Indeed, it was reported by Cao and coworkers that Ag
nanoparticles cannot be effectively passivated by alkylthiol-modified-oligonucleotides using the
established protocols for modifying Au nanoparticles®. The authors figured the difference in
mono-dispersion between oligonucleotide-modified Au nanoparticles Ag nanoparticles
experimentally. From their conclusion, we believe that Ag nanoparticle surface could only be

partially coated with thiolated oligonucleotides. Consequently, after the original citrate ligands
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were exchanged with some oligonucleotides, the Ag nanoparticle surfaces lost their balance
between negative-charge repulsion and attractive forces (which had made Ag nanoparticles
monodisperse) and became aggregated. However, those nano-clusters clearly located at the tips
of nanowires as intended. This indicates the DNA hybridization between oligonucleotides on the
Ni nanowires and the Ag nano-clusters. In addition, EDS data show the presence of silver and
nickel elements as in Ag nanoparticles and Ni nanowires respectively. Figure 5.4 also illustrates
that not all the Ni nanowires were attached with an Ag nano-cluster even though excess molar
ratio of oligonucleotide-modified Ag nanoparticles were incubated with Ni nanowires. This is
simply because most of Ag nanoparticles were aggregated together which reduced the total

number of individual Ag nanoparticles compared to that of Ni nanowires.
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Figure 5.4 SEM images of monodisperse Ag nanoparticles and Ag nano-clusters attached to the
tips of electrochemical PC-templated Ni nanowires. EDS data indicate the presence of Ag and
Ni elements.
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Figure 5.5 SEM images of Au nanoparticles attached to the tips of chemical-Ni nanowires

In Figure 5.5, Ni nanowires were fabricated chemically using PC membrane via
homemade U-tube. Besides locating at the tips of the Ni nanowires, Au nanoparticles were
clearly attached along the side of the nanowires as well. This indicated that thiolated
oligonucleotides were bound along the side of the Ni nanowires. That happened because the
nanowires were not fully deposited to fill up membrane pores, leaving void space around the side
of the nanowires for thiolated oligonucleotides to attach. This limitation could be reduced by
exploring solvents or a combination of solvents to constrict the pores of PC membranes which
containing metal nanowires before the PC membrane is incubated with thiolated

oligonucleotides.

5.4 Summary

We demonstrated stepwise fabrication of self-assembled template-based metal nanowires
and/or metal nanoparticles using DNA hybridization as linkers. SEM images revealed that

different metal nanowires were successfully synthesized electrochemically and chemically using
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polycarbonate membranes and alumina membranes as templates. EDS data confirmed the
presence of the proposed metal nanocrytals. So far, only polycarbonate (PC) membranes
provided intended structures of metal nanoparticles on the tips of metal nanowires. Therefore,
synthesis conditions needed to be carefully explored to fabricate other possible nano-structures.
The success from PC membrane-based structures indicates that oligonucleotides which were
attached to metal nanowires grown from PC membranes retained their necessary characteristics
for self-assembled hybridization after the PC membranes were dissolved away. On the other
hand, the lack of metal nanoparticles on the tips of metal nanowires grown from anodic
aluminum oxide (AAQO) membranes specifies that the structures of the attached DNA were
altered somehow after the AAO membranes were etched away. Solvents that were used to
dissolve PC and AAO membranes were believed to play an important role in altering the
structures of attached DNA. Since chloroform and dichloromethane, which were used to
dissolve PC membrane, were compatible with DNA, their presence did not affect the necessary
characteristics for DNA hybridization. In contrast, sodium hydroxide, which was used to
dissolve AAO membrane, could hydrolyze oligonucleotides and alter their structures. As a
result, there was no DNA hybridization to self-assemble metal nanoparticles on the tips of metal
nanowires grown from AAO membranes. By exploring compatible solvents or a combination of
solvents that interact with PC and AAO membranes, we think that oligonucleotides can show
their full potential as a smart tool to provide possible nano-structures for nano-electronic circuits
through hybridization as envisioned. The possible complex nano-structures are dumbbell
structures from one metal nanowire and two metal nanoparticles, T-junction structures from a
triangle metal nanocrystal and three different metal nanowires, and even molecular switches

from different type of metal nanocrystals and semiconductor nanocrystals.
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Since self-assembling metal crystals using DNA hybridization as building blocks for
nano-electronic circuits has only been done in our lab, our preliminary results are important for
the following reasons. First, it provided straight forward stepwise methods for preparing specific
and controllable self-assemblies of building blocks for nano-electronic circuits using DNA
hybridization. Second, it showed that synthetic oligonucleotides as short as 13-base pairs can be
used to modify the surface of various metal nanocrystals through thiol interaction. Third, the
synthetic oligonucleotides can hybridize to their synthetic complementary so that counter
oligonucleotide-modified metal nanocrystals can self-assemble to one another. Finally, by
exploring DNA’s structural properties and the unique base-complement rules this method opens
up opportunities to specific, controllable, and simultaneous self-assemblies of extreme complex
nano-structures of hundreds or even thousands of various material nano-components using DNA

hybridization for nano-electronic circuits.
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Chapter 6

Summary and Conclusions

A countless number of scientific studies in the field of nanosciences and nanotechnology
have been carried out successfully in the last few decades pointing to a bright future for the field.
As commercial applications of nanoscience and nanotechnology emerge through technology and
transfer from academia to industry, the field has been gaining public recognition®3. Since
Feynman'’s first suggestion of fabricating nano-devices from nano building blocks back in 1959*,
the field has advanced dramatically. Combining synthetic nano building blocks like metal
nanoparticles and semiconductor nanocrystals with biomolecules like proteins and nucleic acids
led to unique nanoconjugates that could be used in a wide range of exciting optical 2!,
biomedical'®*, and electronic'®?*%%2 fields. The goal of many research projects that aim to
develop such fields in nanotechnology therefore has been to design, synthesize such nano-
component building blocks, and fabricate functional nano-scale devices from some or all of these
basic components. However, the accomplishments so far in this research direction still need to
be explored and studied extensively to meet Feynman’s first envision of functional nano-devices.
With research experience in optical and magnetic nanomaterials for biomedical applications

during the last decade?*?’

, our lab has also explored, designed, and develop nano-devices to
apply in such fields. The major objective of this PhD research was to design and develop
nanoconjugates that combine luminescent quantum dots (QDs) and metal nanowires with
biomolecules to form a new generation of nanometric probes for optical, biomedical, and
electronic applications. Our accomplishments and challenges we encountered were described in

this dissertation.
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One of the most desirable characteristics of luminescent semiconductor CdSe/ZnS QDs
are their ability to serve as donor fluorophores in fluorescence resonance energy transfer (FRET)
Direct excitation of acceptor molecules has been a problem in conventional FRET studies that
involve molecular donor and acceptors. The use of QD donors alleviate this problem since
luminescent QDs are characterized with broad excitation and narrow and symmetrical emission
peaks. When used in FRET studies it is possible to excite the luminescent QDs with an excitation
wavelength that is sufficiently removed from the excitation peaks of the acceptor molecules, thus
preventing bleeding between the QD donors and molecular acceptors. Recently, there have been
studies that go beyond traditional FRET publications and explore into the interactions between
QDs and metal surfaces called surface energy transfer (SET). The SET process describes as
non-radiative quenching of the QD emission by proximal metal surface. These studies allow
better understanding of energy transfer of QDs to outside environment. There have been many
successful research applications using luminescent QDs as donors in FRET and SET assays,

including in our laboratory™7:322%3-2%%

. In these applications, nanoconjugates of QDs and
molecular acceptors were used in homogeneous assays and were limited by the chemical and
photostability of the linked organic molecules. This limitation was overcome in this PhD
research through the attachment of QD-acceptor conjugates to the surface of biocompatible
microspheres. Molecular acceptors were replaced with gold nanocrystals as acceptors to
improve the photochemical stability of the nanoconjugates. The covalent attachment of
hundreds of luminescent CdSe/ZnS QDs to a single microsphere resulted in very high brightness
and considerably enhanced signal-to-noise ratio in FRET assays than the signal to noise level

obtained in homogeneous FRET assays involving QD donors and molecular acceptors. Chapter

3 of this dissertation discusses the fabrication of luminescent polystyrene particles (PS) through
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the covalent attachment of CdSe/ZnS luminescent QDs and gold nanocrystals (AuNP) to the
surface of the particles to form PS-QD-AuNP composite particles suitable for SET assays.
CdSe/ZnS luminescent QDs were synthesized and capped with trioctyl phosphine oxide (TOPO)
ligands following standard protocols?**?%. To facilitate their covalent attachment to the
polystyrene microsphere surface the hydrophobic TOPO ligands were replaced with mercapto-
carboxylic acid (16-MHDA) molecules through a ligand exchange process to enable QDs
aqueous solubility. This particular ligand was chosen because it is least susceptible to oxidation
among thiol-based ligands. To further increase the aqueous solubility of the QDs we covalently
attached to the MHDA-modified QDs surface a synthetic polyhistidine peptide to form QD-His
conjugate. This his-tag layer had been shown to increase functionality and stability of thiol
ligand-coated QDs***¥""%° Furthermore, spectroscopic measurements indicated that QD-His has
higher emission quantum yield compared to QD-MHDA, probably due to more complete ligand
coverage on the QDs surface. Our histag peptide ligand was designed to contain two lysine
amino acids at the N-terminal and two glutamate amino acids at the C-terminal of the peptide.
This increased the density of amine and carboxylic groups on the QD surface, which increases
their aqueous stability and provides opportunities for subsequent coupling chemistry. QD-His
were covalently attached to the polystyrene particles and the resulting PS-QD microparticles
were intensely luminescent. The luminescence signal-to-noise ratios of the PS-QD particles were
significantly higher than the fluorescence signal-to-noise ratio of polystyrene particles that were
modified with organic fluorophores (PS-FL). Unlike in PS-QD, the fluorescence of PS-FL
particles is limited by the maximum density of organic fluorophores on the surface of the
microparticles. Excess density of fluorophores on the microparticles’ surface results in

fluorescence quenching of the PS-PL particles. QD-PS particles were mono-dispersed in aqueous
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solutions with minimal or no noticeable aggregation. The strong emission of the PS-QD particles
was completely quenched when gold nanoparticles were attached to the PS-QD surface due to
SET between the QD (donor) and the gold nanoparticles (AuNP) (quencher, acceptor). The
emission of the PS-QD-AuNP conjugates was restored when the PS-QD-AuNP conjugates were
incubated with DTT which displaced the AuNP from the surface of the microparticles.
Continuing studies in our laboratory aim to apply this unique SET sensing platform to detect
specific targets of biomedical interest.

The luminescence wavelength of semiconductor QDs depends largely on their diameter
with smaller particles emitting blue light (short wavelength) while larger particles emitting red
light (long wavelength). The narrow luminescent peaks are easily resolved spectrally and it is
possible to excite QDs of multiple diameters and emission wavelengths with a single excitation
source. These unique characteristics make luminescent QDs amenable to multiplexed assays.
Chapter 4 discusses the development of above composite polystyrene particles that contain QDs
and molecular acceptors on their surface and their application in multiplexed assays on DNA
oligonucleotides. To identify oligonucleotides, self-assembly of DNA hybridization was chosen
for its specificity in bioapplications. Compared to the last chapter, acceptors in this study were
still intact connecting to donors via DNA linkers after recognizing targeted oligonucleotides.
Since FRET was more sensitive than SET and detection range was within 10 nm, FRET pair on
microsphere platform was a clear choice for this targeted-oligonucleotide study. In other words,
the acceptors were organic fluorophores instead of AUNPs. The excitation wavelength was
selected at 400 nm to avoid direct exciting of the fluorophores. As FRET occurred between PS-
QD(540) and Rhodamine Red fluorophore, fluorescence images confirmed the color overlapping

of QDs and Rhodamine emission. To further improve the assay by incorporating multiplexing to
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unique characteristics of FRET QD donors and fluorophore acceptors, we chose A660
fluorophore so that its absorbance was wide enough to accommodate at least two well-separated
QD emission wavelengths, 540-nm and 615-nm. As a result, both FRET and multiplexing could
occur simultaneously. The emission spectra analysis indicated that both FRET and multiplexing
took place between PS-(540) and PS-QD(615) and A660. After being hybridized with
complementary DNA strands, specific fluorescence restoration of PS-QD(540) and PS-QD(615)
was significant enough to be distinguished. Even though there was some unexpected
fluorescence restoration of PS-QD when the probes were incubated with non-complementary
DNA strands, signals from specific fluorescence restoration of PS-QD were still dominant.
Unfortunately, captured images of FRET and multiplexing between A660 and PS-QD platforms
did not distinguish color changes of QDs emission.

The ability to self-assemble individual elements as building blocks into mass production
of complex nano-electronic circuits is preferred over miniaturization by lithography or so-called
“top-down” approach in terms of handling and producing cost. Among different potential
individual elements, metal nanowires are favored because their surface chemistry, length,
diameter, and transport properties can be precisely controlled by synthesis. Furthermore, metal
nanowires have low resistivity and established coupling chemistry, which is desired in nano-
circuit self-assembly compared to other materials such as carbon nanotubes or semiconductor
nanowires. Short DNA or oligonucleotides are ideal to be used as linkers to connect individual
nano-components because they are specific, complementary, and reversible. Chapter 5 discussed
the fabrication of nano-structures using metal nanowires and nanoparticles as building blocks.
All components were self-assembled specifically using DNA hybridization as a tool. SEM

images revealed metal nanowires were synthesized by template-based approach
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electrochemically and chemically. By attaching oligonucleotides to metal nanowires
incorporated in a template, oligonucleotides were restricted to be on the tips of the metal
nanowires. Next, dissolving the template allowed nanowires that were tagged with hybridizable
DNA to be in a position-specific manner. SEM images confirmed that various metal
nanoparticles were attached only on the tips of various metal nanowires. EDS showed the
presence of proposed nanocrystals. So far, only one nano-structure, in which metal nanoparticles
were specifically self-assembled to the tips of PC template-based metal nanowires, was
successfully fabricated. Other structures, including self-assembled dumb-bell structures of one
metal nanowire with two metal nanoparticles or two metal nanowires and T-junctions or
molecular switches of different metal nanowires, are still being explored and developed.

In conclusion, this dissertation has discussed the design, synthesis of synthetic nano
building blocks like metal nanoparticles and semiconductor nanocrystals with biomolecules like
proteins and nucleic acids, and fabrication of functional nano-scale devices in nanotechnology, to
be applied in the optical, biomedical, and electronic fields. Chapter 3 discussed the success of
the first project by demonstrating the development of a new generation of QD-based energy
transfer probes. The fabrication of QD-AuUNP nanoconjugates on biocompatible polystyrene
microspheres permits quantitative SET studies and optical imaging. This approach enables new
possibilities to carry out SET and FRET assays in microparticle-based microarrays. Data
analysis and fluorescence images clearly showed emission of PS-QD was quenched and restored
when the AuNPs were attached to and then removed from the surface as intended. The nano-
components in this project were QD, AuNP, and histag peptide. Chapter 4 discussed the
accomplished goals of the second project by designing and developing multiplexing of PS-QD-

DNA-A660 FRET-based probes for DNA detection. The probe incorporated both FRET and
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multiplexing between QDs and A660 fluorophores via hairpin oligonucleotides. Data analysis
evidently indicated multiplexing and FRET transferred from PS-QD(540) and PS-QD(615) to
A660. After being hybridized with complementary DNA strands, specific fluorescence
restoration of PS-QD(540) and PS-QD(615) was significant enough to be distinguished. Even
though there was some unexpected fluorescence restoration of PS-QD when being incubated
with non-complementary strands of DNA, signals from specific fluorescence restoration of PS-
QD were still dominant. Fluorescence images illustrated color change and fluorescence
restoration of PS-QD(540) when Rhodamine Red fluorophores came close to and moved away
from the surface. The nano-components in this project were QD, histag peptide, and DNA.
Consequently, the QD-based nanoconjugates from both chapters 3 and 4 permitted the probes to
be utilized as optical sensors when the distance between donors and acceptors were in close
proximity or far away. The differences in the distance correlated quantitatively to QD
fluorescence intensity. Additionally, DNA-detecting probes in chapter 4 demonstrated that they
function as biomedical detectors. As the targeted complementary strands of DNA were
hybridized with the probes, specific fluorescence restorations took place. Finally, to explore
nanoconjugates for electronic nano-circuits, simple nano-structures were designed and self-
assembled in chapter 5. This chapter discussed stepwise specific self-assemblies of metal
nanoparticles and metal nanowires via DNA hybridization. SEM images and EDS analysis
indicated the presence of the intended nanoconjugate structures. These structures illustrated the
successful metal based-nanoconjugates for nano-circuits. Metal nanocrystals and DNA were the
nano-components in this project. As all three chapters pointed out, the major objective of this
PhD research, which was to design and develop nanoconjugates utilized in nanotechnology,

specifically in optical, biomedical, and electronic fields, was successfully achieved.
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Even though the goals were successfully accomplished in Chapters 3, 4 and 5, the probes
can still be further improved. Both FRET and multiplexing signals from the DNA-biomedical
detector nanoconjugates of chapter 4 could be enhanced and more specific for each color of QDs
by creating compatible experimental conditions and careful designs of DNA sequences. In
addition, fluorescence images of the FRET and multiplexing nanoconjugates could be
distinguishable if we select the right QD emission wavelengths vs. corresponding fluorophores
and/or analyze the probes using instruments with better detection range. Although the obtained
nano-structures for electronic nano-circuits were fabricated by self-assembling among different
metals via DNA hybridization, only one desired structure was achieved. However, with careful
DNA sequence designs and proper experimental conditions, we would be able to build other

complex nano-structures.
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