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Xinzhe Zhou

ABSTRACT

Gold nanoclusters possess both theoretical and practical importance in the development
of ultrasensitive biosensors based on surtadenced Raman spectroscopy RSE
Manipulation of gold nanoclusters in a predictable and reproduciblnenaor the
application of refined biochemical analysis still remains challenging. In this, dtigly
purity gold nanoclusters are isolated via a simple method based on demsiigngr
centrifugation. Three distinct bands including monomers, small aggregate$ (2
nanospheres), and large aggregates (>5 nanospheres) can be separa@tsityia d
gradient centrifugationThe isolated gold nanoclusters greatly enhance the Raman
intensty of the trapped dye molecules such that single nanocluster detection is feasible.
To develop a gold nanopartietmsed biosensor for influenza virus, effort was also made
to modify recognition moieties such as aptamers to gold nanoparticles via distinct
appoaches. The increasef hydraulic diameterand the shift of optical absorbance

spectrum indicate the success of surface modification to gold nanoparticles
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Chapter 1. Introduction and Literature Review
1.1 Introduction

Gold nanoparticles (AuNPs) are widely used in biologiral chemical detection due
to their unique optoelectronic properfidsand ease of surface modification using
appropriate ligand$'® AuNP-based biosensors have been dewedofor the analysis of
metal ions, anions, small organic molecules, oligonucleotides, proteins, and small
microorganisms including vires bacteria, and cancer cell§Surfaceenhanced Raman
scattering (SERS#t the interface of gold or silvemanostructure and surfabeund
moleculeshasenabled one of the most sensitive detection methwd#ablefor single
molecule analysi§'* SERS tags, which aneovel naneprobes that combine metallic
nanoparticlesa Raman reporter, surface coating for protection, and a layer of targeting
molecules have attracted enormous interest in the application of SiER&d
biosensors®

This thesis research was motivated by the goal of developing a novel-Fag¢g
biosensor to detect influenza virus with the aid of an ultrasensitive SERGhaigter 1
presentsa brief literature reviewf SERS includingfabrication and applicain of SERS
tags. Chapter 2 describes a method to preparephigty, dyetagged,polyethylene
glycol (PEG)encapsulatedgold nanoclusters for singleanocluster SERS imaging.
Chapter 3 reports two methods to functionalize gold nanoparticles with aptdraer
specifically recognize influenza virus

1.2 Surface-enhanced Raman scattering
Raman scattering is a kind of inelastic scattering of a photon from a molecule in which

the frequency change precisely matches the difference in vibrational eneetg®lev



Direct application of Raman scattering for trace analyte detection is limited, since the
Raman scattering cross sections for molecutesuaually too small to be detecteth
1974, Fleischmann et dl.observed intense Raman scattering from pyridine adsorbed
onto a roughened silver electrodéne dramatic enhancement of the Raman signal when
the molecules happen to be adsorbed by gold or silver nanostrugthrels, waslater
recognized as SER$edefined Raman scattering as an ultrasensitive approach for trace
analyte detectiorin 1997, Nié* and Kneipp® independently demonstrated the capability
for single molecule detection using silver nanoparticlea 88RS substrate. The great
enhancement of SERS intensity is often attributed to an electromagnietincement
mechanisrif and a chemical enhancement mechatisithe electromagnetic mechanism
emphasizes enhancementtbé electromagnetidield on metal surfaces caused by the
excitation of the local surface plasmon resonance (LSPR) with incident’ ligtie
chemical mechanism focuses on changes in the electronic strudtuaglsorbed
molecules, which lead to reson&aman scatterirfy
1.3 Nanocluster-Based SERS Substrate

Although single silver or gold nanoparticles have been used for SERS défection
aggregates of gold orihger nanoparticles have attracted more interest as SERS
substrateslt has been recognized that nanomstale junctions?* within multicore
nanoclusters enhance the Raman signal such that single moleculé¢ionetsc
feasiblé®'* These nanosized gaps are often referred assptist for the reason that
the distribution of the enhancement factor decreases away the center following a power
law®®. Since the Raman signal enhanced by clusters is much higher than that of

monomer&27? there has been enormous effort to fabricate chssed SERS



substrate¥ 2 One of the shortcomings of these cludtased substrates is the challenge
of controlled aggregatiéfy while homogeneous and pure aggregatesiasirable, they
are difficult to generate or isolate. Pdabrication separation is therefore necessary to
remove inactive singleore monomers and obtain homogeneous cliters

Past researchers have exploited density @osgisy gradient centrifugation for size and
shape selection of nanostructures, including metal nanopaffiéié, carbon
nanotubes? and grapheri& Chen et af? used a CsCl gradient for highurity separation
of amphiphilicdiblock-copolymercoated 15 nm gold nanoparticle dimers and trimers.
Tyler et al?® reported the removal of SER®active, silicaencapsulated, dymgged
monomers from SERS&ctive multimers using a viscosity gradient of iodixanol.
Steinigeweg et af separated silicencapsulated gold nanoclusters in theB8nm size
range in a density gradient of glycerol/water solutions and tested the gartjitde SERS
sensitivity of 60 nm gold nanopatrticle dans.

In Chapter 2, we build upon these previous efforts and report an efficiertokiw
isolation method that employs estep centrifugation to isolaREGcoateddye-labeled,
gold nanoclusters from a heterogeneous population.

1.4 SERS Tags and the Modification of Biomolecules to Gold Nanoparticles

SERS tags are novebnoprobes that combine gold or silveanoparticles, Raman
reportes, surface coating for protection, and a layer of targeting moletulRaman
reporters signal the sensing event while the targeting molecules specifically bind to the
compound of interest. The fabrication of SERS tags requires proper modification of
metallic nanoparticles with specific targeting moleculeshsag antibodies, aptamers, or

smaltmolecule ligands. In the design of AUNP immunosensors, antibodies are coupled to



AuNP-based transducers. For example, Qian & @éveloped a SERS tag composed of
PEGylated AuNP and ScFv antibodies and achiemedvo targeting of tumors. The
hybridization of complementary sing&#randed oligonucleotides is often exploited in
SERS deteiion of DNA or RNA targets. Cao et dilabeled 13 nm AuNPs with Raman
dye-labeled oligonucleotides for DNA and RNA detection.

Aptamers are oligonucleogd with high binding affinity to given ligands that originate
from a process termed Osystematic evolution of ligands by exponential enrichmentO
(SELEX)*. Aptamers have several advantages over antibodies, which includm$ow
ease of synthesis, lofigrm stability, low mmunogenicity, and greater tissue
penetratiof. Aptamerbased sensors, or aptasensors, using AUNPs have been applied to
detect small molecul&s® proteing®*’, viruse&® and bacteri&. For example, Chung et
al®® accomplished trace analysis of mercury ions using SERS tags modified with
aptamers recognizing mercury ions exclusively.

Various approaches have been utilized to functionalize gold nanopartuidles
biomolecules. Due to the strong affinity between gold surface and sulfhydryl groups,
biomolecules modified with sulfhydryl groups easily bind to gold nanoparticles. AUNP
functionalization with oligonucleotides is often realized by capping AuNP with
(alkanethiol}oligonucleotide¥™**, The selfassembly of proteins on AuNPs®, due to
electrostatic binding and Aamino acid (lysine, histidine, cysteine) interactforis a
common way to modify AuUNPs with antibodi&¥’. Streptaviéh or avidin can thus be
conjugated to AuNPs and facilitate the functionalization with bilatireled moleculé$

due to the strong conjugatitwetween streptavidin (avidin) and biotin.



Silica coating of the AuNPs enhances stability, reduces nonspecific binding, and
facilitates further modification under physiological conditidnsSendrai et al®
developed a DNA biosensor via direct modification of sitocated AuNPs with
complementary DNA. igilar to silica coating, PEG coating is another mature
encapsulation method to fabricate gbidmolecule hybrids with low toxicity, weak
affinity to interference molecules, and excellenvivo bio-distributiorf®*. For example,
Qian et af? modified AuNP with HSPEGCOOH followed by antibody conjugation
with the aid of couplingreagentsN-(3-dimethylaminopropyBNQethylcarbodiimide
hydrochloride(EDC) andN-hydroxysulfosuccinimidg¢sulfo-NHS).

In Chapter 3, we report two methods of AuNP functionalization with sistgéended
DNA aptamers against swine influenza H3N2 virSeBoth methods take advantage of
the strongbinding between streptavidin and bictabeled aptamers. The first method
involves the PEGylation of AuNPs followed by streptavidin conjugation with the aid of
coupling reagents EDC and sulfiHS. The second method utilizes the ss§embly of

streptavidh on AuNPs.
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Chapter 2
One-Step Centrifugal Isolation of PEGylated Gold Nanoclusters for Single-
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2.1 Abstract

We report a method to prepare higlrity, dyetagged, PE&ncapsulated gold
nanoclusters for singleanocluster surface enhanced Raman spectroscopy (SERS)
imaging. Using density gradient centrifugation, SERS inactiveomens are removed
from a population containing aggregates of varying size.4igity small aggregates2
4 nanospheres) and large aggregates (>5 nanospheres) can be separated after 15 min of
centrifugation at 2500 " g. The purified nanoclusters produstr@eng Raman signal
when exposed to 0.5 mW laser power for only 0.2 s, enabling rapid Raman imaging.

2.2 Introduction

Ever since the discovery of singleolecule and singleanoparticle surfacenhanced
Raman scattering (SERS) in 1997t has been recognized that nanomstale
junctions* within multicore nanoclusters enhance the Raman signal such that single
molecule (SM) detection is feasibieSaltinduced random aggregation was originally
used to obtain Raman active nanoclustéRecently, however, charge neutralization of
metal nanoparticles via surface modification with %dyms been exploited as an
alternative strategy to prepare nanoclub@sed SERS substrat@d. Because

aggregation is difficult to control via both saknd dyeinduced aggregation, pest



fabrication separation is needed to remove inactive soggke monomers and obtain
pure Ramaractive nanoclusters:*?

Past researchers have exploited density or viscosity gradient centrifugation for size and
shape selection of nanostructures, including metal nanopartt¢fesarbon nanotubé,
and grapherl® Chen et al* used a CsCl gradient for higiurity separation of
amphiphilic diblock copolymer coated 15 nm gold nanopatrticle dimers and trimers. Tyler

et al

reported the removal of SERS inactive, silica-encapsulated, dygged monomers
from SERS active multimers using a viscosity gradient of iodixanol. Steinigewe et al.
separated silica-encapsulated gold nanoclusters in theB8Gm size range in a density
gradient of glycerol/water solutions and tested the sipgitécle SERS sensitivity of 60

nm gold nanoparticle dimers. Herein, we build upon these previouss effdrteport an
efficient, lowcost isolation method that employs estep centrifugation to isolate
polyethylene glycol coated (i.e., PEGylated), t3leeled, gold nanoclusters from a
heterogeneous populatiofFigure 21). We then demonstrate the sendivof the
individual nanoclusters for SERS imaging.

PEGylated gold nanoparticles (AuNP) are ideal for developing optical nanoprobes for
bioanalysis because they are fioxic, exhibit weak affinity to biomolecules, and have
excellent in vivo biodistribtion and pharmacokinetic properties.’® To the best of our
knowledge, no prior study has been conducted to preparepbigh, PEGylated,
nanoclustebased SERS probes.

2.3 Materials and Methods

2.3.1 Reagents anilaterials

1C



Chloroauric acid (HAuGI 3H,0), sodium citrate dehydrate, ethanol (98%), glycerol
(99.9%), and Tween 20 were purchased from Sigidaich (St. Louis, MO). Milachite
green isothiocyanat@®IGITC) was purchased from Invitrogen Corp. (Grand IdJaxy).
Silicon wafers were obtained from Fisher Scientific (Pittsburg, PA). All glassware was
cleaned with aqua regia (HG#NOs, 3:1) followed by thorough rinsing with nanopure
water prior to use.

2.3.2 Synthesis of AuNPs

55 nm gold nanoparticles weeprepared according to the classic seedliated growth
method'*?*??Briefly, 200 pL of 1 M NaOH was added to 100 mL of 1 mM chloroauric
acid solution to adjust the pH to €2. The solution was heated to a boil with vigorous
stirring and 10 mL of 38.8 mM sodium citrate was added. After 15 min of reaction, when
the solution atained a wine red color indicating the formation of 14 nm gold seeds, the
seed solution was allowed to cool down to room temperature while being stirred. For the
seedmediated growth step, 500 mL of 0.254 mM HAuS®Iution was brought to a boill
while beirg stirred, and then 2.2 mL of sodium citrate and 3.8 mL -alyathesized seed
solution were added to the boiling HAuGblution. After 30 min of reaction, the solution
color turned pink, indicating the formation of 55 nm gold nanoparticles. The AuNP
paricle size was measured to be 55.3 + 2.2 nm based upon an FESEM image analyzed by
ImageJ software.

2.3.3 Dye-induced Aggregation of AuNP
Aliquots of 25 uM MGITC solution were added stepwise (10 pL each time) to 20 mL of
AuUNP solution while being stirred. €hUV-Vis spectrum of the mixture was recorded

after 50, 100, 150, 200, and 250 pL of MGITC solution had been added. After this
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period, 14 yL of 1 mM carboxylated thipblyethyleneglycol (H&PEG-COOH, MW ~
3.4 kDa) was added to the solution, and it wasesticontinuously for 15 min. Finally,
140 pL of excess HPEG (1 mM, MW ~ 5 kDa) was added to block the AuNP surface.
After 30 min, 10 mL of 0.01% Tween 20 was added and the solution was centrifuged at
5000! g for 20 min. The pellet was washed with 0.0T%een 20 solution three times
and resuspended in 2 mL ethanol.
2.3.4 Density Gradient Centrifugation

The density gradient was prepared by mixing different volume ratios of glycerol and
ethanol. To produce the density gradient, 1.0 mL of 40% glyceraMatisalution was
loaded to the bottom of a 5 mL polypropylene tube; 0.5 mL of 35%, 30%, 25%, and 20%
glycerol/ethanol solutions were added thereafter. Prior to centrifugation, 200 pk of as
synthesized AuNP aggregates was carefully loaded on top of theydgadient, and the
mixture was centrifuged at 25009 for 15 min. The separated bands were extracted
using a 100 pL pipette and transferred to an@ll plate. The UWis spectra of the
separated bands were recorded with a Safire2 microplate rebam (Group Ltd
Switzerland). The Raman spectra were obtained using a WITec alpha500R microscope
(Ulm, Germany) with a 10" objective (NA=0.3). Laser power of 0.5 mW and an
integration time of 0.2 s were used. A 10 pL aliquot of each extracted band wasl appli
to a clean silicon wafer using a spin coater (Laurell-408B-6NPP/LITE, Laurell
Technologies Corp., PA) for SEM imaging with a LEO 1550 fedission scanning
electron microscope (FESEM; LEO Electron Microscopy Inc., Thorwood, NY) operated

at an accerating voltage of 10 kV. The number of monomers and aggregates in each
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separated band were counted manually. Specifically, 500 nanoparticles were counted for
bands bl and b2 while 200 nanoparticles were counted for band b3.
The sedimentation coefficients) of the monomers and nanoclusters were calculated

using the following equation:

|
'l ——
PIEIE
wheremis the particle mass, is the viscosity of the mediumis the effective diameter
of an equivalent sphere with the same volume, Ruigl a ggometrical correction factor

for prolate ellipsoidsP was calculated using PerrinOs equétion:

whereq is the ratio © the long axis to the short axis. To simplify the calculation, a
monomer was treated as a 55 nm sphere, a dimer was treated as an ellipsoid with a short
axis of 55 nm and gq=2. Nanoclusters larger than dimers (n >2) were treated as straight
line configuraton (g=n, short axis equals to 55 nm) to reflect the most extreme case. The
sedimentation coefficients normalized to that of monomer are calculated. Results are
shown in Figure 52.
2.3.5 Single-Nanoparticle SERS

An diquot of 2 yL of 10fold diluted solution of b1, b2, and the mixture of b2 and b3
was spiRrcoated on a clean silicon wafer. The Raman images of several 15 um " 15 pym
areas (30 spots per line) for each sample were acquired with a 100" objective using 0.5
mW laser power and 0.2 s integration time for each spectrum obtained. The highest CCD

count for each bright spot in the Raman image was recorded as the Raman intensity for
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that spot. An FESEM image of the same location was captured for comparison with the
corresponding Raman image.
2.4 Results and Discussion

Herein, PEGylated AuNPs were synthesized according to a published pfétBach
AuNP was modified with 2068000 molecules of malachite green isothiocyana
(MGITC), which acts as a surfat®und Raman dye and induces formation of AuNP
multimers?® The color change from pink to deep purple as well as the increase in optical
absorptionaround 770 nm indicate aggregation of the AuNHgure 2S1). To prevent
further aggregation of AUNPs and the loss of MGITC due to hydrdlykis, MGITG
functionalized AuNPs were protected with #EGCOOH (MW=3.4 kDa) followed by
addition of excess HBEG (MW=5 kDa) to block the AP surface.

The PEGylated AuNPs were-seispended in ethanol and loaded on top of a density
gradient consisting of 20, 25, 30, 35, and 40% glycerol/ethanol solutagsrd 21).
After centrifugation at 2500 g for 15 min using a desktop centrifug&ogan C3i,
Thermo Electron Corp.), three distinct bands were separated and extracted. The size
distributions of the asynthesized product and separated bands were determined by
manually counting several hundred nanoclusters in scanning electron microscopy (SEM)
micrographs. The asynthesized product typically contained 59% monomers, 13%
dimers, 18% trimers, 7% tetramers, and 3% higitder nanoclusters. The b1l band was
composed primarily of monomers (98%) with a small amount of dimers (1%) and trimers
(1%). The b2 band primarily contained small nanoclusters: 32% dimers, 45% trimers,
18% tetramers, and 5% higherer aggregates. The remaining 0.5% of clusters were

monomers. The b3 band was composed of 7.5% pentamers and 92% hexamers and
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higherorder aggregates. The remaining 1% of clusters were tetramers and lower-order
aggregates.

Sedimentation coefficientss)( were calculated for monomer, dimer, and larger
nanoclusters (assumed to be in a linear configurakimure 2S2). The s for a dimer is
52% pecent larger than that of monomer. The slope of S versus the number of AuNPs in
a nanoclustem, decreases with increasimg Trimers settle 22% faster than do dimers,
while tetramers settle only 15% faster than trimé&igure 2S2). These results explain
the good separation of monomers from the nanoclusters and the poorer separation of
dimers, trimersand tetramers from each other. Similar results were found in TlerOs
study of silicaencapsulated AuNP separation.

The red colorFigure 21B, 2-S1) and UWVis spectrum of b1Kigure 2-1C, 2-S1) with
peak absorbance at 531 nmere the same as for the AuNP stock suspension. This
wavelength corresponds to a particle size of 50°henyalue which is similar to the
SEM-based measurement of 5%2.2 nm. In additia to the localized surface plasmon
resonance band (LSPRat 531 nm, a second band (LSPRt 738 nm is apparent in the
spectra of b2 and b¥Figure 21C). The presence of LSRR b2 and b3 is indicative of
multimers, while its absence from the bl spestdicates their absence. Furthermore,
enhanced absorbance of b3 a738 nm indicates the presence of very large aggregates.
Addition of increasing amounts of MGITC promoted aggregation, as absorbance at 531
nm decreased while that at 738 nm increadédufe 2S1), thus confirming the
distinction in optical properties between monomers and multimers.

The Raman intensity of the separated bands was measured at an excitation wavelength

of 633 nm using a WITec Alpha 500R at a laser power of 0.5 mW for 0.2 s. The Raman
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spectra exhibit characteristic bands for MGITC at 1171, 1364, and 1614hanwe
assign to the wplane benzenéfs mode, phenyN stretch, and pheryl + C-C stretch
modes, respectivef’?® Thesebands shift slightly to 1176, 1367, and 1603'dor b2
and b3 Figure 21D), while bl exhibited none of these bands. This observation is
consistent with the fact that bl contained only a minimal number of residual multimers,
while b2 and b3 were compabprimarily of nanoclusters.

To identify the singlenanocluster SERS sensitivity of our multimersul2 of 10!
diluted bl and b2 was spivated on a silicon chip and imaged sequentially by a field-
emission scanning electron microscope (FESEM) ahe Raman microscope.
Comparison of the Raman image with 8EM image of the same location enabled
investigation of the Raman intensity of individual nanoclusters. In agreement with the
ensemble average Raman spectrum of b1, the Raman response of every rpooloaaer
was too weak to be detected by our system. One dimer, two trimers, and one tetramer
from b2 were examined in detail. All four multimers produced peaks indicative of
MGITC at the same wavenumbers as the ensemble average spectrunib2faiie b3
sugpensions Kigure 21D, 2-2). However, there was no clear correlation between the
aggregation state and the Raman intensity. The measured Raman intensity is known to be
affected by shape, geomefrgrientation?®® gap size,** and laser polarizatiofi. For
example, trimer a2 (V shape) and trimer a3 (triangle shape) differed in geometry and
orientation, with trimer a2 (66 cts) exhibiting nearly twice the Raman intensity compared
to trimer a3 (34 cts).

Taking advantage of the strong Raman intensity of the isolated nanoclusters, single

nanocluster SERS could be a powerful taml diltrasensitive biomaging? By binding
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bio-functional ligands such as antiboditer DNA®® to the active carboxylated PEG of
these isolated nanoclusters, Raman tags that specifically bind to biological targets can

developed. For example, Nigt al*

successfully applied MGIT@€agged, PEGylated
AuUNP for in vivo tumor targeting. Higpurity nanoclustebased Raman tags have the
potential to significantly improve the sensitivity of pathogen detection, tumor imaging,
tissue imaging, and other applicatidAghe high SERS sensitivity of thesenoalusters
leads to a significant decrease in the required laser energy and integration time, thus
enabling rapid, safe, and reaahe SERS imaging.

A mixture of b2 and b3 was useddemonstrate the potential of nanoclusters for bio
imaging In a SERSmage of a 1jum! 15um area (Figur@-3A), four bright spots e, f,
g, and happearat the same locations as four corresponding nanoclusters including two
octamers (E and F) and two trimers (G and H) found under FE&igUré 23B). Due
to the diffractionof light, the theoretical optical resolution is limited®1! divided by

the numerical apertur@(A.)**3®

or 430 nm usin@ 633 nm laser (N.A. = 0.9). However,

the size of bright spots in our Raman image iglmlarger than 430 nm and in the range

of 1-2 !Im. For instancethe bright spot of octamer E covers at least 3 ! 3 pixels (1.5 "m
1.5 "m, Figure 24). The Raman intensity in the centroid is much higher than that of
the edge, which is in accordance wiile point spread functiof:*® The distance between

the centroid of each bright spot and nanocluster was measured. The lengths of ef, fg, gh,
and eh were identical to those of EF, FG, GH, and EH, so it is hitdfely lthat the
signals from the bright spots originated from the four nanoclusters. The Raman intensities

of the four nanoclusters fulfilled the requirement of high sigoadoise ratio, ensuring

sensitivity and accuracy of SERS imaging in this applicaftagure 2S3).
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2.5 Conclusion

The novelty of this effort lies in the simplicity of the methods employed to reproducibly
isolate dimers and trimers using readily available materials. The centrifuge used for these
experiments was a simple berAcp mocl commonly available in many analytical
chemistry and cell biology laboratories. Furthermore, the density gradient was prepared
using glycerol and ethan&ltwo materials that are readily available and of substantially
lower cost than iodixanol. As we hawshown, AUNFMGITC nanoclusters of distinct
sizes can be isolated from a population of heterogeneous aggregates. Three distinct bands
including monomers, small aggregates4(2xanospheres), and large aggregates (>5
nanospheres) can be separated via degsiidient centrifugation. A new peak in optical
absorbance at 738 nm is observed for the two isolated nanocluster suspensions. Under our
imaging conditions (which are similar to those used in many-Raman specialist
laboratories) there was no reproduleiborrelation between the number of nanoparticles
in a nanocluster and the Raman intensity and thus our method, which facilitates removal
of nonactive monomers, leads to more efficient singg@ocluster SERS imaging. High
purity nanoclusters are very gmising in developing ultrasensitive Raman tags for
SERSbased biadmaging and biosensor applications.
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2.8 Figures
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Figure 2-1. (A) An aliquot (0.2 mL) of concentrated,-agnthesized ANPs loaded on

top of a density gradient of 20, 25, 30, 35, and 40% glycerol/ethanol. (B) Three distinct
bands (b1, b2, and b3) after density gradient centrifugation at 25p0or 15 min.
FESEM images of nanoclusters within each band. Scale bar denotes 300 nm. (C)
Normalized U\Vis spectra of bl (blue), b2 (red), and b3 (green) suspensions. (D)
Raman spectra of b1, b2, and b3 suspensions.
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Figure 2-2. Raman spdca of four nanocluster&@l, a2, a3, and a4) from the b2 band.
FESEMimages of the four nanocluste8cale bar denotes 50 nm.
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Figure 2-3. (A) Raman image scan of four nanoclusters from the mixture of b2 and b3
bands. (B) FESEM image of the same area as the dashed box in A. Scaleobss tlen
um.
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Figure 2-S1. UV-Vis spectra of AuNP suspensions as a function of the amount of
MGITC applied. From top to bottom at 531 nm, each spectrum represents an
MGITC/AuUNP ratio of 500, 1000, 1500, or 2000. Inset: cabange before (left) and

after (right) MGITC addition.
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Figure 2-S3. SERS spectra of the four bright spots in Figure 2B. The Raman intensity of
E is divided by 10 to enable it to fit on the same scale. Inset: FESEM images of the four

nanoclusters in Figure-2B.
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Chapter 3
Functionalization of Gold Nanoparticles with Aptamers
3.1 Introduction

Gold nanoparticles (AuNPs) are widely used in biological and chemical detection and
sensing® due to their unique omtil propertie3® and ease of surface modification using
appropriate ligand§*. Colorimetric sensing based on inparticle surface plasmon
coupling is a very populatrategy for any target analyte that triggers the aggregation or
re-dispersion of AUNP$**® Surfaceenhanced Raman scattering (SERS) at the interface
of AuNPs and surfaebound molecules is one of the most sevesidetection schemes
for single molecule analyst§!’ AuUNP-based biosensors have been developed for the
analysis of metal ions, anions, small organic molecules, oligonucleotides, proteins, and
small microorgarsms including viruses, bacteria, and cancer ¢élls.

One major category of sensing platform employs labeling, or attaching specific
recognition moieties to the AuNP core. For example, SERS tags are novgirobee
that combine metallic nanoparticles, a Raman reporter, surface coating for protection, and
a layer of targeting moleculé$in the design of AUNP immunosensors, antibodies are
coupled to AuNPFbased transducers. For example, Qian éf developed a SERS tag
composed of PEGylated AUNP and ScFv antibodies andvachievivo tumor targeting.
Driskell et al?® detected influenza virus with AuNPs conjugated with antibodies specific
to HIN1 influenza virus. Complementary oligonucleotides are often used to recognize
DNA target in colorimetric biosensdré"?! Li et al. developed a colorimetric detection

platform for DNA sequences based oncélestatic interaction with unmodified gold

nanoparticle¥.
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Aptamers are olignucleotides with high binding affinity to given ligands that originate
from a process termed Osystematic evolution of ligands by exponential enrichmentO
(SELEX)? Aptamers have several advantages over antibodies, which include low cost,
ease of synthesis, lorigrm stabity, low immunogenicity, and greater tissue
penetratiof. Aptamerbased sensors, or aptasensors, using AUNPs have been applied to
detect small molecul&s®, proteing®?’, viruse$® and bacteri.

Herein, we report two methods of AuNP functionalization with sksti@anded DNA
aptamers against swine influenza H3N2 virdSeBoth methods take advantage of the
strong binding between streptavidin and bidébeled aptamers. The first method
involves the coating of AuNPs thi polyethylene glycol (PEG) followed by streptavidin
conjugation with the aid of coupling reagents. The second method utilizes the self
assembly of streptavidin on AuNPs. The structures of apterodified AuNPs
fabricated via these two methods are shawiigure 31.

3.2 Materials and Methods
3.2.1 Reagents and Materials

Chloroauric  acid  (HAuGI3H,0), sodium citrate  dehydrate, N-(3-
dimethylaminopropyBNQ®ethylcarbodiimide hydrochlorideand (EDC), N-
hydroxysulfosuccinimidésulfo-NHS), streptavidin (SA), bovine serum albumin (BSA),
and Tween 20 were purchased from Sightdrich (St. Louis, MO). A5-biotin-aptamer

with sequence specific to H3N2,

TTTTTTTTTTGTGCAGTCAAAGACGTCCACTCCGTCATCTTTAGTGGCCCCAAT
GTCGTTATCACCGAGACCATGAAGTGCGATTGC®, was purchased from

Invitrogen. All reagents were used @seived without further treatmerill glassware
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was cleaned with aqua regia (HCI:HBOB:1) followed by thorough rinsing with
deionized water prior to use.
3.2.2 Synthesis of AuNPs

50 nm gold nanoparticles were prepared according to the classimseeted growth
method®* Briefly, 200 uL of 1 M NaOH wa added to 100 mL of 1 mM chloroauric
acid solution to adjust the pH to €62. The solution was heated to a boil with vigorous
stirring, and 10 mL of 38.8 mM sodium citrate was added. After 15 min of reaction, when
the solution attained a wine red colodicating the formation of 14 nm gold seeds, the
seed solution was allowed to cool down to room temperature while being stirred. For the
seedmediated growth step, 500 mL of 0.254 mM HAuS®lution was brought to a boill
while being stirred, and then 212 of sodium citrate and 3.8 mL of-agnthesized seed
solution were added to the boiling HAuGblution. After 30 min of reaction, the solution
color turned pink, indicating the formation of 50 nm gold nanopatrticles.
3.2.3 AuNP functionalization via PEGylation

100 pL of 10 uM carboxylated thigdolyethyleneglycol (HPEGCOOH, MW ~ 3.5
kDa) was added to 1.7 mL of AuNP solution, and it was stirred continuously for 30 min.
Thereafter, 100 pL of excess HEEG (100 uM, MW ~5 kDa) was added to block the
AuUNP surfae. After 30 min, 10 pL of 1% Tween 20 was added, and the solution was
centrifuged at 3000 " g for 15 min. The pellet was washed with 1 mL of 0.01% Tween 20
three times and fsuspended in 1 mL of MES buffer (10 mM, pH=5.5).

1 mg of EDC and 2 mg of sofNHS powder were dissolved with the washed
PEGylated AuNP solution to activate tBEOOH groups and convert it into a semi

stable sulfeNHS ester. After 15 min of incubation, the solution was centrifuged at 3000
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" g for 15 min. The pellet was fsuspendeth 1 mL of streptavidin solution (0.1 mg/mL,
10 mM HEPES buffer) to complete the conjugation between the-&##3s and
streptavidin {NH; group). The solution was then incubated for 2 hours.

Excess streptavidin was removed via three rounds of cegatifun (3000 " g for 15
min) and resuspension in 10 mM HEPES buffer. 100 pL eb#stin-aptamer (100 uM)
was added to the AUNPEGstreptavidin solution. The mixture was incubated overnight
and then washed with 10 mM PBS buffer four times. The finalymtodlas resuspended
in 1 mL of 10 mM PBS buffer and stored at 4 C.

3.2.4 AuNP functionalization via Adsorption

Prior to functionalization, the AuNP solution was adjusted to a pH of 7.2 with 0.1 M
K2CQO;. 100 pL of 1 mg/ml streptavidin was added tenll of AuNP solution. After 30
min of incubation, 10% BSA was added to block the AuNP surface. The solution was
centrifuged at 3000 " g for 15 min. The pellet was washed with 1 mL of 1% BSA three
times and resuspended in 1mL of 1% BSA (10 mM DPBS bufféi=7.4). 100 pL of 5'
biotin-aptamer was added to the AwlsfPeptavidin solution. The mixture was incubated
overnight and then washed with 1% BSA four times. The final product waspended
in 1 mL of 10 mM DPBS buffer and stored at 4 C.

3.2.5 Characterization with DLS and UV-vis Spectrometer

The patrticle size of intermediate and final products was measured uZiegsazer
NanoZS instrument (Malvern Instruments, UK) with a 173 scatteaimgje at room
temperature. The optical absorbance spectnae mequired witha Cary 5000 double

beam UV#vis#NIR spectrophotometer.
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3.3 Results and Discussion

3.3.1 AuNP Functionalization via PEGylation

The PEG coating induced a 2 nm redshift of the localized surface plasmon resonance
(LSPR) band of AuNP (Figure-3A), indicatng a change in the local dielectric
environment'. Due to the formation of a thick layer of PEG, further modificatioth
strepawvidin and aptamer did not affeitte LSHR band of PEGylated AuNfFigure 3
2A). The hydrodynamic diameter (HD) increased by 21.9 nm after PEGylation as
measured by DLS (Figure-2B). The conjugation of amine groups presented on
streptavidin and the activated sestéble sulfeNHS ester resulteith a 2.7 nm size
change of the PEGylated AuNP. AsrXy analysi® reveals streptavidin to be 5 nm in
size, an increase of 10 nm was expected if a streptavidin monolayer formed on the AuNP
surface. Therefore, the PEGylated AUNP was not fully covered by streptavidin after the
conjugation. The intermediate product AUREGSA was then reacted readily with 5’
biotin-aptamer via the streptavidbiotin reaction. An 11.2 nm increase in HD was
observed.
3.3.2 AuNP functionalization via adsorption

After the adsorption of SA and BSA to AuNP, the HD of AuNP increased by 16.5 nm
(Figure 33B), and the LSPR banddshifted by 5 nm (Figure-3A). Brewer et af°
suggested two mechanisms for the interaction between BSA and-cadedézl AUNP.
The first is electrostatic binding, which emphasizes the attraction between the positive
surface residues (i.e., lysine) of BSA and the negative charge from the citrate. The second
is displacement, requiring the displacement of citrate by B8Athe amino acids lysine

(amine), histidine (imidazole), and cysteine (thiol) that directly interact with the gold
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surface. Via displacement of citrate by SA and BSA, the change in the local dielectric
environment' of AUNP has been shown to contribute to the 5 nm shift of the LSPR band.
A similar LSPR shift was also reported for a AuUNBA (human serum albumin) bio

conjugate byCa—averagt al®’

. Similar to PEG coatinghe protein coating on AuNPs
inhibited further shifts in the UWis spectrum of AuNFSA-biotin-aptamer compared to
that of AUNRSA (Figure 33A), indicating no change of the local dielectric environment.
The conjugation of Siotin-aptamer and AUNISA reslted in a 2.6 nm increase in HD
that was much smaller than that of AWREGSA. It was believed that the extra
PEGylation and COOHNH, conjugation would lead to different SA coverage and
orientation on the AuNP surface compared to direct adsorption. Tdifeeences
resulted in different surface properties, which further affected the secondary structure of
the aptamer and its stretching extent. The conformational change of proteins adsorbed to
AUNP® was also responsible for the change in reactivity with other molecules, for
example, the SAiotin reaction.
3.4 Conclusion

AuNPs were functionalized with a DNA aptamer against Bi3ifluenza virus via
PEGylation and adsorption. PEG and SA coating of AUNPs induced changes of the local
dielectric environment, which resulted in a redshift of the LSPR band. Beyond coating
with the first layer (PEG or SA), further modification did natluce any additional

changes in the LSPR band. The HDs of each intermediate and final product increased in

either method, indicating successful modification.
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3.6 Figures
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Figure 3-1. Top: Cartoon of AuUNP functionalization via PEGylation; Bottom: Cartoon of

AuUNP functionalization via adsorptioBA is streptavidin, and B is biotin.
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Chapter 4. Conclusion
4.1 High-purity Gold Nano-clusters as SERS Substrate

We developed a simple method to reproducibly isolateyRE&I AUNP nanalusters
for use as an ultrasensitive SERS substrate. Density gradient centrifugation was applied
to a population of heterogeneous aggregates. Monomers, smalclnaters (24
nanospheres), and large nastosters (>5 nanospheres) wesparated in three distinct
bands. We confirmed that the Raman signal from MGITC could be clearly recorded from
a single nanaluster. Absent the neactive monomers, the highurity naneclusters
hold promising potential in developing ultrasensitive SER&s tfor bieimaging and
biosensor applications.

4.2 Functionalization of Gold Nanoparticle with Aptamers

In order to develop a biosensor for flu virus, we functionalized AuNPs with aptamers
against swine influenza H3N2 viruses through two distinct atsthBoth methods start
with preparation of AuNRBtreptavidin and take advantage of the strong streptavidin
biotin reaction to conjugate biotmodified aptamers. The first method was
accomplished via AUNP PEGylation followed by covalent conjugation wigéiptsvidin,
while the second method was achieved simply byasd&émbly of streptavidin on AuNP.
PEG and SA that directly coated the surfacéoNPs surfaceinduced changem the
local dielectric environment, which resulted in a redshift of the LSRRI.bBeyond
coating with the first layer (PEG or SA), further modification did not induce any
additional changes in the LSPR band. Hydrodynamic diametesf each intermediate

and final product increased in either method, indicating successful modiiicatio
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4.3 Possible Future Work
Future work may include but is not limited to the combination of chapter 2 and chapter

3. In other words, the modification of aptamers to relnster based SERS substrates
can lead to detection of influenza virus with higgnsitivity and specificity. Since the
nonactive monomers can be removed from a population of-olrsters, type | error is
ruled out. The detection limit will be significantly improved compared to those methods

using AUNP aggregates containing a consildle amount of neactive monomers.
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Appendix
Functionalization of Multi-walled Carbon Nanotubes with Lipid Bilayer
A.1 Introduction

Supported lipid bilayers (SLB) on a solid substrate surface, developed by Tardm
McConnelf, provide a robust artificial cell membrane in a controllable manner. Taking
advantage of the unique physicochemical properties of nanomaterialsdipdtructure
hybrids have attracted enormous interest in a wide range of appliCatichsling drug
delivery*®, cancer therafybiosensd® and cell mimicking Carbon nanotubes (CNTs)
possess unique electrochemical properties for chetharad biological sensify Recent
advances in SLECNT hybrids have exhibited praosing potential for cell activity
monitoring®** and photeswitchable devicéd For example, Zhou et H.developed a
biosensor to detect single ion channel activity of SLB via a CNT diiégtt transistor.

Hydrophilic nanomaterials such as silicon nanotite silicon nanobedd*® and gold
nanoparticle¥' readily provide a hydrophilic substrate for SLB attachment, rupture, and
diffusion™®. Unlike hydrophilic nanomaterials, CNTs interact with amphiphilic lipid
molecules via hydrophobic interactions, which lead to the formation of a lipid
monolayef’. To addres this challenge, several routes have been proposed to modify the
CNT surface for SLB formationHe?! and Dayanf? fabricated SLBCNT hybrids via
covalent modification, in whiclblCOOH gioups were firstly introduced via oxidation,
followed by chemical conjugation betweB8OOH groups on oxidized CNTs aBNH;
groups on lipid. An alternative approach was suggested by Artyukhirfetirmwhich

singlewalled carbon nanotubes (SWCNTSs) suspended on gidd were modified with
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hydrophilic polymer layers, and then a continuous lipid bilayer shell wasssdimbled
around this structure.

In this study, we modified mulvalled carbon nanotubes (MWCNTSs) with lipid
bilayers in an aqueous solution. SMBNVCNT hybrids were fabricated in a twstep
manner. MWCNTs were firstly suspended in water via sonication in the addaim
poly(styrenesulphonate) (PSS)lipid bilayers were then setissembled on the
hydrophilic surface of PSBIWCNTs. The modified MWGITs were intended to serve
as abiotic surrogates for Ebola virus in studies of fate and transport of the virus in the
environment.

A.2 Materials and Methods
A.2.1 Reagents and Materials

MWCNTs were purchased froMdanostructured and Amorphous Materiatogston,
TX, USA). The characterization information reported by the manufacturer is listed in
Table 1. 1,Aioleoyt3-trimethylammaium-propane (DOTAP)was obtained from
Avanti Polar Lipids (Alabaster, AL, USA).exas Red 1;2ihexadecanoysnglycerc3-
phosphoethanolaminerié¢thylammonium salt (Texas R&HPE) was purchased from
Life Technologies Grand Island, NY USA). Both lipids were received as chloroform
solution. ®dium poly(styrenesulphonate) (PS&hd poly(dimethyldiallylammonium
chloride) (PDDA were obtained from Sigma Aldricls{, Louis, MQ USA). All reagents
were used as received without further treatment.
A.2.2 Suspension of PSS-MWCNTs

12 mg of MWCNT powder was immersed into 100 mL of 1% PSS solution. The

mixture was then sonicated fob 3nin. Excess PSS was removed via four rounds of
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centrifugation (12000 g " 10 min) and -seispensed in deionized water. The final
concentration of the MWCNT suspension was brought to 0.24 g/L.

Atomic force microscopy (AFM) images were captured usitnpaoscope Il (Digital
Instruments/Veeco Metrology Group, USAriefly, a clean mica substrate was dipped
into 1% PDDA solution for 10 min to make it a uniformly charged suffat®osely
bound PDDA was washed by thorough rinsing with DI water. The charged mica substrate
was then drojgoated with 3 pL of PSMWCNT suspension and left to dry for 30 min,
followed by AFM imaging.

A.2.3 Preparation of Liposomes

A published methodvas followed to prepare liposonf@sBriefly, DOTAP and Texas
RedDHPE (TRDHPE) were mixed thoroughly in a glass vial at a ratio of 50:1. Lipids
were dried under an argon stre for 1 hour and then left under vacuum for 2 hours to
remove the solvent residues. The dried lipids were hydrated with deionized water to
obtain a final concentration of 2 mg/mL and shaken for 1 hour. The hydrated lipids were
extruded 30 times through 30 nm polycarbonate membrane using an Avanti mini
extruder (Avanti Polar Lipids, Inc.Yhe liposome solution was stored at 4 C.

A.2.4 Fabrication of SLB-MWCNT Hybrids

0.5 mL of PSSMWCNT suspension (0.24 g/L) was mixed with 0.5 mL of liposome
solution (2 mg/mL). The mixture was incubated overnight for complete SLB formation
on MWCNTSs. Excess liposomes were removed via three rounds of centrifudeaaso
g " 10 min) and resuspension in 1 mL of deionized water. The total fluorescence of the

washed SB-MWCNT suspension was measured. The zeta potential of the washed PSS
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MWCNT and SLBMWCNT was recorded using @etasizer NanoZS instrument
(Malvern Instruments, UK)
A.3 Results and Discussion

With the aid of PSS, sonication helped to disperse andliztalthe majority of
MWCNTSs into individual nanotub&%?°?° (Figure A1). The diameter of suspended PSS
MWCNTs was 61 + 23 nm while the length was 871 + 535 nm, which matches the
characterization information reged by the manufacturer.

As PSS is a pohanion composed of many sulphonate groups, the modification of
MWCNTs with PSS turned the surface of MWCNTSs highly hydrophilic and negatively
charged®. The electrostatic interaction between the negatively charged MW@NT's
positively charged liposome composed of DOTAP triggered theassfimbly of SLB on
the MWCNT surfac®. A similar strategy was also adopted by Moya et al. for the lipid
coating on polyelectrolyte capsulésThe SLB formation on PSBIWCNTSs resulted in
charge reversal indicated by tlsbange of zeta potential frord7 mV to + 61 mV
(Figure A2). However, no fluorescence was detected for theDHRE in the DOTAP
(2% TRDHPE)}PSSMWCNT suspension (Figure-8), which contradicted the results
of Moya®™0s, ArtyukhifiOs, and DayafDs studieFhe difference in CNT diameter and
length, as well as the fluorescent dye species may contribute to the different results
observed in this study and othersO resear@ms. possible cause was fluorescence
quenching by MWCNTE. The absorption spectra of CNTs span a wide range of
wavelength€*? and overlap the photoluminescensgectra of various fluorophorés
The fluorescent emission of Texas RBHPE might be quenched by MWCNTS.

A.4 Conclusion
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SLB-MWCNTs were fabricated via the electrostatic interaction between positively
charged DOTAP liposome and negatively charged-M88CNTs. A change in the sign
of zeta potential indicated the seldsembly of SLB on MWCNT surface. However, the
abseice of a fluorescent signal from DOTAP (2% -DRIPE}PSSMWCNT
contradicted the conclusion of SLB formation on MWCNTS. Fluorescence quenching
might be one possible cause for these contradictory phenomena. Future work on
elucidating the possible fluorescempeenching may be expected to clearly address this

problem.
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A.6 Tables and Figures

Table A-1. Characterization information
of MWCNTSs reported by manufacturer.

Purity 95%
Outside Diameter (OD)  50~80 nm
Inside Diameter (ID) 5~15 nm
Length 0.5~2 pm
Surface Area 40 nflg
Color Black
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Figure A-1. AFM imagesof PSSMWCNTSs. Image scale: 5 um " 5 um.
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Figure A-2. Zeta potential of PS®IWCNT and DOTARPSSMWCNT suspensions

51



15

10

Total Fluorescence

DI water DOTAP-PSS-MWCNT

Figure A-3. Total fluorescence of DI water and DOTAFSSMWCNT.

52




