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ABSTRACT

A novel hybrid nanocomposite of Au nanoparticle-modified silicon nanowire was
developed for surface enhanced fluorescence applications. The designed nanocomposite
contained a silicon nanowire, gold nanoparticles and a silica layer doped with dye
molecules. The hybrid nanomaterial was characterized using scanning electron
microscopy (SEM), scanning transmission electron microscopy (STEM), fluorescence
measurements, Fourier transform infrared (FT-IR) spectroscopy, and energy-dispersive
X-ray spectroscopy (EDS). The results showed that the gold nanoparticles were
uniformly adhered on the silicon nanowires and covered by a thin silica layer. The
nanostructure exhibited strong capacity for surface enhanced fluorescence. Different
enhancement factors were obtained by changing synthetic conditions.

The second goal of the project was to determine if the shape of gold nanoparticles
affects the extent of its fluorescence enhancement under constant external factors. Two
shapes of gold nanoparticles were synthesized and characterized by SEM, STEM, zeta
potential and absorbance measurements. Then they were coated with fluorescent dye-
doped silica and the fluorescence intensity was measured and compared to the pure
fluorescent dye. Gold nanorods enhanced fluorescence more than gold nanostars and that
the fluorescent dye Alexafluor 700 showed a greater fluorescence intensity change in the

presence of nanoparticles than methylene blue.
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CHAPTER 1

Gold Nanoparticle-Silicon Nanowire Composites for Surface Enhanced Fluorescence

1.1 Introduction

Surface enhanced fluorescence (SEF) is a phenomenon that leads to increased
fluorescence signal. SEF can contribute to more sensitive imaging with fewer fluorescent
materials needed. Nano-scale objects lend their unique optical and electronic properties
to make ideal SEF structures. In this project, silicon nanowires and gold nanoparticles
were used to construct a novel SEF structure.

Each component of the structure affects the degree to which fluorescence can be
enhanced. The two main phenomena that lead to enhancement are surface plasmon

resonance and surface enhanced fluorescence.

1.1.1 Surface Enhanced Fluorescence

Electrons absorb energy and are promoted to excited states. When the electrons
relax back to their original ground state energy level, they emit radiation of a wavelength
that is related to the energy of the excited state through Equation 1.

Equation 1

E = hc/2
Where E is the energy, h is Plank’s constant, c is the speed of light in a vacuum, and A is
the wavelength of emitted radiation. If the electrons are excited by electromagnetic

radiation to a singlet state and then relax to their ground state and emit light of a longer
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wavelength than that which was absorbed, the process is called fluorescence.'
Fluorescence can be represented by a Jablonski diagram, an example of which is shown

in Figure 1.1.

excited
\ higher energy
% . triplet states
s 1
5 absorbed
[ o
iti
- exc:lg;g emitted -
fluorescence triplet
light states
S V * phosphorescence
0

ground state

Figure 1.1 A Jabtonski diagram showing the processes of absorption, fluorescence and
phosphorescence. Sy is the ground energy singlet state. Si, S,, and S; are the excited
singlet states. From reference 3.

Fluorescence often occurs in molecules with delocalized m bonds when the electrons are
excited from a bonding 7 orbital to an antibonding & orbital.

Surface enhanced fluorescence (SEF) results from the process of controlling the
surface of a structure to allow the maximum intensity of fluorescence from the surface to
reach a light detector. SEF relies on the manipulation of the local environment of a
fluorophore to maximize the radiative relaxation rate compared to the same fluorophore
in free space. Other competitive, non-radiative processes must be nearly eliminated.'
LSPR is one of the most important factors employed for SEF. Other factors that influence
SEF are differences in the dielectric constants around the fluorophore. The dielectric

2



constant of silicon is 11 — 12, silicon dioxide (silica) is 4.5 and gold is18 — 35.”° Because
these are nanosized and not bulk materials, the values for the dielectric constants may be
significantly different.” However, the differences between them will still be enough to

induce SEF.

1.1.2 Surface Plasmon Resonance

Surface plasmon resonance (SPR) is exhibited by metals that are highly lustrous,
such as gold, silver, copper and platinum. SPR is the result of an excited surface plasmon
of a metal. Surface plasmons are delocalized electrons that travel as waves parallel to the
surface of the metal. They can be excited by electromagnetic radiation of a specific
wavelength that strikes the metal surface at a certain incident angle, resulting in their
fluorescence emission at an angle related to the incident angle.! SPR enhances the
fluorescence signal because when the surface plasmon wave is emitted from the metal, it
couples with the fluorescence emission signal of a fluorophore resulting in more intense
signal. SPR can be from metallic flat, corrugated or roughened surfaces. Roughened
surfaces are also considered multi-corrugated surfaces.” Theoretically, the more
roughened the metal surface, the better the fluorescence enhancement.'

Spherical metal nanoparticles provide excellent roughness for an SPR-exhibiting
device.! They are beneficial because multiple scattering of light occurs within the
random placement of nanoparticles on a substrate surface. Fluorescence is amplified by
propagating surface plasmon modes. In the case of highly roughened surfaces, multiple
electron scattering induces localization of surface plasmons. The resonance due to
localization of surface plasmons from metal nanoparticles is a termed localized surface

plasmon resonance (LSPR) and, because of the presence of a roughened surface, it shows
3



better fluorescence enhancement than SPR from flat metallic surfaces. LSPR is only
applicable to nanostructures that have a diameter much smaller than the wavelength of
the incident radiation. For these particles, the electric field is mainly localized at the

1
surface.

1.1.3 Silicon Nanowires

Silicon nanowires (SiNW) are a relatively new one-dimensional nanomaterial that has
been rapidly developed in recent years.*'* The unique advantages of this one dimensional
nanomaterial include excellent electronic properties, high surface-to-volume ratio,
convenient surface modification, thermo stability and biocompatibility.'®** SINW arrays
can be prepared reliably in a large quantity using several methods including metal-
catalyzed vapor—liquid—solid (VLS), oxide-assisted growth, thermal evaporation with a

8,23-29

catalyst, and wet chemical methods. The applications of the SINWs have been

realized in several fields, such as electrical devices, solar cells, drug delivery and

13:213034 Bor example, Chen and coworkers have developed SiNWs as lithium

biosensors.
battery anodes™, and Xie et al. recently doped SINWs into graphene nanoribbons to
enhance the performance of Schottky solar cells.*

Moreover, the surface of SINWs can be modified and grafted with various

183738 Their unique morphology and large

functional groups to advance their applications.
aspect ratio make SiNWs a good substrate candidate for preparing nanocomposites.
Nanowires are defined as objects with a diameter in the tens of nanometers and an

unrestricted length range. They have even been reported with a length of hundreds of

meters” and their synthesis is well documented.***



Silicon is a semiconductor, which means its conductivity increases with increasing
temperature. A conductor, semiconductor or insulator can be determined by the energy
of its band gap. The higher the energy, the less conducting the material is. For example,
diamond is an insulator with a band gap of 5.5 eV at 302 K. The conductor, Indium (III)
nitride, has a band gap of 0.7 eV at 302 K. Silicon has a band gap value of 1.11 eV at
302 K, intermediate of conductors and insulators.*’ Pairing a semiconductor with a
plasmonic metal is advantageous. When gold nanoparticles are deposited on a
semiconductor surface the surface plasmon resonance enhances the optical absorption

and photocurrent generated by the semiconductor.*®

1.1.4 Gold Nanoparticles

The main advantage of gold nanoparticles (AuNP) in this work is their LSPR.
Characteristics of LSPR can be manipulated by changing the size of the AuNP.
Nanoparticles that are too small (< 2 nm) do not have surface plasmons due to quantum
confinement effects.*” An important aspect of having AuNP adjacent to each other on the
SiNW surface is their ability to couple their LSPR when they are close to one another.
Plasmon coupling of metal nanostructures is accompanied by color changes as a result of
shifts in their scattering spectral peaks. The coupling-induced plasmon shift decays
exponentially as the particle spacing is decreased.”® Another property of AuNP that will
be exploited in this work is the change in plasmon resonance frequency that results from
different sizes of AuNP. Generally, the plasmon red shifts and broadens with increasing
AuNP size.”!

Nanocomposites usually contain a substrate nanomaterial and some functional

species. Various nanocomposites have been developed for a wide variety of
5



applications.'>”*>* Surface enhanced fluorescence (SEF) is one of the popular application
fields for nanocomposites.”**>® A number of SEF nanocomposites have been fabricated

5759 In a traditional

based on the unique optical and electronic properties of nanomaterials.
SEF nanocomposite, noble metal nanoparticles are employed to exhibit localized surface
plasmon resonance (LSPR) which occurs on flat, corrugated or roughened surfaces of

59-61

substrate nanomaterials. Most of the SEF applications were performed on a planar

glass substrate,**%*

which limits their applications in biological fields. In 2004, using
Si0, matrix to adjust the distance between dye molecules and silver nanoparticles,
Geddes’s group for the first time demonstrated a SEF platform in solutions instead of
solid substrates,® Following this work, a number of solution-based SEF methods have
been reported and expanded to Raman spectroscopy such as gold nanoparticles covered
with a silica layer and shell-isolated nanoparticle-enhanced Raman spectroscopy.®®’ To
our knowledge, SEF on one dimensional nanosubstrates has not been well studied. The
exploration of SINWs as a substrate for making SEF nanocomposites may provide new
insight in the field of SEF.

According to the SEF theory, when the surface plasmon resonance band of the
metal nanostructure overlaps the excitation of the fluorophores localized near
nanoparticles, the energy is transferred from the metal to the fluorophore so that the
probability of excitation of the dye molecules is increased.’"*® The metal nanostructure
also can change the radiative deactivation rate of the fluorophores. Thus, the fluorescence
lifetime and the quantum yield are changed.®” It has been shown that fluorescence can be

enhanced by 1-3 orders of magnitude when fluorophores are localized near metal

nanoparticles.”” In spite of the well-developed SEF mechanisms, the geometric and

6



dimensional effects of the nanosubstrates on the SEF efficiency or on fluorescent
molecular properties have not been well understood. Therefore, the design of one-
dimensional based nanocomposites for SEF may provide useful models for better
understanding of the dimensional effects on the fluorescent molecular properties.

In this work, a nanocomposite was developed using 1-dimensional SINW as the
substrate for surface enhanced fluorescence. Gold nanoparticles were chosen as the SEF
functional species based on their high stability and well-understood surface chemistry. In
addition to the silicon nanowire and gold nanoparticles, the designed nanocomposites
contained a silica layer doped with dye molecules. The nanocomposites were evaluated to
to see if they enhance the surface fluorescence. It is expected that the 1-dimensional

nanocomposite might be used for studying dimensional effects on SEF.

1.2 Experimental
1.2.1 Materials and Instrumentation

Gold (III) chloride trihydrate (HAuCly), sodium citrate (Na3C¢HsO5) and (3-
aminopropyl)triethoxysilane (APTES) were purchased from Sigma-Aldrich (St. Louis,
MO). Sodium silicate and phosphate buffered saline (PBS) tablets were purchased from
Fisher (Waltham, MA). Tris(bipyridine)ruthenium (II) chloride ([Ru(bpy);]Cl,) was
purchased from Acros Organics (Thermo Fisher Scientific Inc., NJ). Deionized (D.1.)
water was obtained from a Millipore water purification system and had a resistivity of
18.2 MQecm (EMD Millipore, Billerica, MA). PBS buffer (pH = 7.4 at 25 °C) was
prepared by dissolving one PBS tablet into 200 mL water.

Scanning electron microscopy images were taken with a Hitachi SU 8010 field

emission scanning electron microscope (FE-SEM, Hitachi High Technologies America,
7



Inc., Schaumburg, IL). The energy dispersive X-ray spectroscopy spectra were obtained
using an X-Max instrument (Oxford Instruments, Scotts Valley, CA). Samples were
separated via centrifugation in an Eppendorf Centrifuge 5804 (Hauppauge, NY).
Dynamic light scattering measurements were conducted on a Malvern Zetasizer Nano
Series instrument (Worcestershire, UK). Fluorescence measurements were performed
using a Fluorolog-3 spectrofluorometer equipped with a 450 W xenon lamp (Horiba

Scientific, Irvine CA).

1.2.2 Synthesis of Silicon Nanowires

Silicon nanowires were provided by Nanosys (Palo Alto, CA). They were
synthesized according to company protocol by high temperature chemical vapor
deposition. In this procedure, a gold catalyst was deposited onto stainless steel and placed
into a CVD reactor with silicon tetrahydride as the growth gas. After growth, the silicon

. . . . 1
nanowires were washed with water and alcohol by sonication.’

1.2.3 Synthesis of Gold Nanoparticles

Gold nanoparticles were synthesized using the citrate reduction method.”>” A
50.0 mL aliquot of 0.01% HAuCls was added to a round-bottomed flask and heated under
reflux until boiling. Afterwards, 2.0 mL fresh prepared sodium citrate solution (1.0%
w/v) was added with stirring. The solution was kept boiling for 10 min after the color
turned red, which indicated the gold nanoparticles were formed. The as-synthesized gold
nanoparticles were used without further purification. The size of gold nanoparticles was

measured to be 16.7 nm + 3 nm using the Zetasizer with a concentration of 0.1 mg/mL.



1.2.4 Hybridization of Silicon Nanowires with Gold Nanoparticles

A 10 mg sample of SINW was heated at 550 °C for one hour. After heating, the
SiNW were added to 10.0 mL of 1% NH4OH solution and sonicated for 30 min. Then 5.0
mL of this SINW solution was added into 45.0 mL of acetone and 1.0 mL of APTES was
added dropwise under vigorous stirring for one hour.** The sample was washed twice
with acetone and once with water and separated by centrifugation (10,000 rpm for 20
min). Finally the sample was weighed and diluted with water to a concentration of 1.0
mg/mL SiNW. In a typical experiment, 1.0 mL of as-synthesized AuNP were mixed with
1.0 mL of SiNW under sonication for 30 min. The AuNP would attach to the surface of
SiNW to form AuNP-SiNW hybrids due to electrostatic attraction; the free AuNP were

washed away through centrifugation.

1.2.5 Doping Dye Molecules to the Hybrids

The obtained AuNP-SiNW hybrids were used as a substrate for doping dye
molecules. A silica layer was grown on the surface of the hybrid. During this growth, dye
molecules were doped into the silica layer. In a typical experiment, 1.0 mg AuNP-SiNW
was added to 30.0 mL of water and sonicated to ensure the AuNP-SiNW were well
dispersed. Then 3.0 mL of fresh 0.1 mM APTES was added into the solution and stirred
for 10 min. Afterwards, 4.5 mL of 0.54% wt. sodium silicate was added into the solution
and the solution was placed in a water bath at 90 °C. After 20 min of incubation, 0.2 mL
of 0.01 M [Ru(bpy);]CL/PBS solution was added and the solution was kept at 90 °C for 2
h. The samples were allowed to cool and washed 3 times with water and separated from
the solution by centrifugation (11,000 rpm for 25 min). The final product was dissolved

in 1.0 mL of D.I. water.



1.2.6 Release Dye Molecules from the Nanocomposites

The silica layer can be dissolved in a high concentration of NaOH to release the
dye molecules. In a typical experiment, 0.1 mL of 0.4 M NaOH was added into 0.5 mL of
dye-doped AuNP-SiNW solution. After stirring overnight, the silica layer was dissolved,
and the AuNP and SiINW were removed by centrifugation. Thus the dye molecules were
released into the supernatant. Finally, 0.1 mL of 0.4 M HNO; was added to neutralize the

pH.

1.2.7 Detection of Fluorescence of Dye Molecules

Fluorescence measurements were performed using a Fluorolog-3
spectrofluorometer equipped with a 450 W xenon lamp. The pH value of all samples was
adjusted to 7 with PBS buffer. For [Ru(bpy);]Cl,, excitation was set to 488 nm and
emission wavelength range was 500 — 700 nm. Slit width was set at 2 nm for all

measurements.

1.3 Results and Discussion
1.3.1 Design of the Nanocomposite

The goal of this design was to controllably assemble AuNP on a 1D nanosized
substrate to avoid AuNP aggregation, which tends to occur to AuNP in solution.”
Aggregation limits their SEF efficiency and potential applications in biological
environments. Several factors should be considered when choosing substrate materials
such as high surface area and easy surface modification for AuNP loading, as well as
chemical and physical inertness and stability to avoid affecting SEF. Based on these

considerations, one-dimensional silicon nanowires were selected as the substrate.**~* The
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AuNP on SiNW were further coated with silica layer containing dye molecules for
studying SEF. The schematic diagram for synthesizing the nanocomposite is shown in
Figure 1.2. A modified silicon nanowire was employed as the substrate after cleaning
(Figure 1.2 A). Gold nanoparticles were immobilized on the surface of the SINW (Figure
1.2 B). The distances between the AuNPs could be adjusted by changing the ratio of
AuNP to SiNWs for an optimal SEF effect.”” Then a layer of silica was grown initially on
the AuNP-SiNW surface as the spacer to avoid quenching effect of AuNP to dye
molecules. The subsequent silica layer was doped with fluorescent molecules (Figure 1.2

Q).

Silica layer doped
with dye molecules
“—»m
A B C

Figure 1.2 Schematic diagram of an AuNPs-SiN'W nanocomposite: (A) SINW; (B) the
SiNW coated with AuNP; (C) AuNP-SiNW covered by the silica layer doped with dye
molecules; a layer of silica was first grown on the AuNP as a spacer before dye doping.
The yellow dots around the AuNP represent dye molecules.

1.3.2 Surface Modification of SINWs

The SiNWs were cleaned and modified for coating with AuNP. The removal of
impurities was accomplished by heating to 550 °C as described in Section 1.2.4. Figure
1.3 (A) is the SEM image of pure SINWSs, showing their uniform size with a diameter of
40 - 50 nm and a length of 10 um. The surface of the nanowires was smooth, as seen in
Figure 1.3 (A), which was ideal for further modification.

To assemble AuNP on the SINW, the surface of SINW was modified to become

positively charged. Thus, by electrostatic attraction, the negatively charged citrate-capped
11



AuNP would be attracted to the SINW surface. The positively charged SINW surface was

obtained by reacting with APTES for adding positively charged amino groups to the

SiNW surface.

LJ
2000
wavenumbers(cm’)

Figure 1.3 (A) SEM image of pure SINW. (B) FTIR spectra of samples: pure SINW (a);
SiNW after NH4OH treatment (b); SINW after APTES treatment (c).

The surface modification of SINW was first confirmed using FT-IR spectroscopy.
Figure 1.3 (B) shows the changes of SINW during the surface modification process.
Figure 1.3 (B) curve (a) represents the cleaned SINW after heating, which has small
peaks at around 1000 cm™ showing Si-O bands on the surface. After treatment using
NH4OH, hydroxyl groups were generated on the SINW surface. The —OH group can be
confirmed by the broad peak at 3500 cm™ in curve (b). After reaction with APTES, new
peaks appeared at 3300 and 2900 cm™ as shown in curve (c), representing N-H and C-H
bonds, respectively. This result confirmed that amino groups were grafted on the surface
of SiNWs through hydrolysis of APTES. The peaks near 2900 cm™ correspond to the

methyl and methylene groups of APTES.
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In addition to FT-IR, the zeta potential of the SINW was measured during the
surface modification process. Pure SINW showed a zeta potential of -30.1 mV. After the
NH4OH treatment, the zeta potential became -44.70 mV signifying that -OH groups were
generated on the surface and caused the nanowire to become more negatively charged.
After the APTES treatment, the zeta potential became -0.325 mV. The increase of surface
zeta potential to a more positive value represented that the -OH groups reacted with
APTES during the hydrolysis and the -NH, became -NH;" by absorbing a proton. The

reactions are shown in Figure 1.4.

wl-OH CH, Hydrolysis o\
ZfoH + C2H5075‘(CH2)3N”2 ——— | 0—Si(CH,),NH, (A)
OH C,H.O - 3 EtOH o”
APTES
—NH, + H,0 <= —NH;* + OH (B)

Figure 1.4 (A) Reaction of APTES with hydroxyl groups on SiNW surface. (B)
Protonation of amine group by water.

1.3.3 Attachment of AuNP to SINW

The AuNP-SiNW were formed based on electrostatic attraction between amino
groups and AuNPs. Gold nanoparticles produced from citrate reduction were negatively
charged due to the citrate ions on their surface. The zeta potential measurement of as-
synthesized AuNPs showed a value of -30.9 mV, which confirmed the negative charge.
Therefore, the amine modified SINWs were directly mixed with AuNP solution to form

AuNP-SiNW. This step was performed under sonication to avoid aggregation during the
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reaction. Figure 1.5 (A) is the SEM image showing that AuNP were uniformly assembled
on the SINW surface.

Elemental analysis was performed to further verify the existence of gold
nanoparticles on the SINWSs. As shown in the EDS spectra (Figure 1.5 B), the gold peaks
can be found in the sample spectra between 2 and 2.15 keV. The C and O in the EDS

spectra come from the hydrolyzed APTES and oxidized layer of silicon nanowires.

T
3 (keV)

Figure 1.5 (A) SEM image of AuNP-SiNW. (B) Elemental analysis of AuNP-SiNW.

1.3.4 Formation of Silica Layer on the Nanocomposite

In order to investigate SEF effects on the 1D nanocomposite, the synthesized
AuNP-SiNW was applied as a nanosubstrate and dye molecules were added to the
nanocomposite. To avoid the quenching effect of the AuNPs to fluorescent dye
molecules, a distance between the dye molecules and AuNPs is needed. In the design a
thin silica layer was employed to perform this role. By adding sodium silicate® into
AuNP-SiNW solution, a silica layer was formed on the nanocomposite surface. Figure

1.6 (A) is the SEM image of the nanocomposite with the silica layer. Compared to
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Figure 1.5 (A) without the silica layer, the morphology of the nanocomposite changed
slightly. A semi-transparent layer was found around the gold nanoparticles to form a
core-shell structure while the gold nanoparticles remained in their original positions
throughout the reaction. Further, an STEM image of the sample is shown in Figure 1.6
(B). In this image the gold nanoparticles appeared as black dots and SINW showed a grey
color. On the surface of SINW, a layer with a light grey color was observed clearly,
which represents the silica layer. An enlarged STEM image (Figure 1.6 (B), inset)
indicated that the AuNP-SiNW structure was covered by the silica layer.

To further confirm the silica layer on the surface of the nanocomposite, the
nanocomposite with and without the silica layer was heated at 550 °C for one hour. Metal
nanoparticles are not stable at high temperatures. Gold nanoparticles form aggregates at
high temperatures. Figure 1.6 (C) and Figure 1.6 (D) are SEM images of heated bare
AuNP-SiNW and AuNP-SiNW with a silica layer, respectively. Large gold aggregates on
the bare AuNP-SiNW were found in Figure 1.6 (C). In contrast, the gold nanoparticles in
Figure 1.6 (D) remained isolated through the heating process. It was concluded that the

stability of the AuNPs at high temperatures is due to the presence of the silica layer.
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Figure 1.6 SEM images of samples: (A) AuNP-SiNW with silica layer; (B) STEM image
of AuNP-SiNW with silica layer; (C) Bare AuNP-SiNW after heating at 550 °C for one
hour; (D) AuNP-SiNW with silica layer after heating at 550 °C for one hour.

SUB000 10.0kV 4 2mm S

1.3.5 Doping Dye Molecules into the AuNP-SiNW Nanocomposites.

The AuNP-SiNW nanocomposites were combined with sodium silicate and
APTES as mentioned in Section 1.3.4, allowing for formation of a silica layer on the
surface of the nanocomposites. After the reaction was allowed to take place for 50 min,
[Ru(bpy)s]Cl, was added to the reaction solution. Therefore, the additional silica layer
grown on the surface was doped with [Ru(bpy);]Cl,. From Figure 1.6 (B), the thickness
of the silica layer was about 20 nm after 2 h growth time. The thickness of the spacer
silica layer with 50 min growth time was about 10 nm, which is enough to avoid

fluorescence quenching of dye from AuNP.
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1.3.6 Surface Enhanced Fluorescence Evaluation

The SEF effect of the developed nanocomposite was investigated through a series
of fluorescence measurements. First, 1.0 mL of 1.0 mg/mL AuNPs-SiNWs with no silica
layer was directly added into 1.0 mL of 0.01 M [Ru(bpy);]Cl, PBS solution. Compared
with the fluorescence intensity of pure [Ru(bpy);]Cl, solution diluted by 1.0 mL water
(Figure 1.7 (A) curve a), the fluorescence signal from the [Ru(bpy);]Cl, solution
containing AuNP-SiNW (Figure 1.7 (A) curve b) was reduced by 12% at 610 nm. This
seems to be due to the quenching effect of AuNPs to dye molecules when they were in
close proximity. Based on the literature ,”” the distance between dye molecules and the
metal surface is crucial. When the distance is less than 10 nm, the fluorescence will be
quenched. In the mixed solution, free dye molecules would be adsorbed onto the AuNPs-

SiNW so that the fluorescence signal would became weaker.

Next fluorescence signal of different nanocomposites with or without dye was
detected. A series of comparisons is shown in Figure 1.7 (B). The pure SiNWs (Figure
1.7 (B) curve a) and AuNP-SiNW (Figure 1.7 (B) curve b) showed no detectable
fluorescence signal due to the absence of the fluorophore. After dye molecules were
doped into the silica layer on SiNWs (Figure 1.7 (B) curve ¢), an emission peak appeared
on the fluorescence spectrum, meaning that [Ru(bpy);]Cl, was doped into the silica
layer. However, when the same amount of dye molecules were doped into the silica layer
on the AuNPs-SiNW, the fluorescence signal increased dramatically (Figure 1.7 (B)
curve d). The difference in fluorescence came from the enhancement caused by AuNPs

interacting with dye molecules on the SINW.
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Figure 1.7 (A) Fluorescence spectra of pure [Ru(bpy);]Cl, solution (0.01 M) (a) and
[Ru(bpy)s]Cl, with AuNPs-SiNW solution (b); (B) Fluorescence spectra of
nanomaterials: (a) SINWs (0.1 mg/mL); (b) AuNPs-SiNW(0.1 mg/mL); (c) SINWs with
silica layer (0.1 mg/mL); (d) AuNPs-SiNWs with silica layer (0.1 mg/mL).

[Ru(bpy)s]Cl»(0.01 M) was doped into silica layer as a fluorophore for sample ¢ and d
during synthesis. All solutions were adjusted to pH 7.4 at 25 °C with PBS.

1.3.7 Optimization of the Enhancement Factor

In order to obtain higher fluorescence enhancement, different densities of gold
nanoparticles were assembled on the SINWs. SINW (1.0 mL of 1.0 mg/mL) were
combined in solution with different volumes (0.1, 0.5 and 1.0 mL) of AuNP solution (0.6
mg/mL), different densities of AuNPs on the SINWs were obtained. As shown in Figure
1.8 (A), sample A only has 1 - 2 nanoparticles formed on every 500 nm of SINWs when
the weight ratio of AuNP to SINW was 0.06. As the amount of AuNP increased by 5
times, the assembled AuNPs on the SiNWs increased significantly. Sample B has around
5 -7 NPs on every 500 nm of nanowire when the weight ratio was 0.3 (Figure 1.8 B).
Further increasing the weight ratio of AuNP to SINW to 0.6, 12-16 NPs on every 500 nm
of nanowire was found (sample C, Figure 1.8 C). These results indicated that there is a
direct relationship between the concentration of AuNPs and the final amounts of AuNPs

attached to SINW surface. Therefore, the amount of AuNPs on the SINWs was tunable.
18

a.Rubpy in PBS buffer A aSiNW_ B
. 1.0 | b.Rubpy with AUNPs-SiNW b. AUNPs-SINW
& ~_a 2 [ c. SINW with silica layer
2 ? 2 ;oL d. AuUNPs-SINW with silica
o o) layer.(c & d were doped
£081 £ with dye)
3 8
8 / \ 80
» 06| \ b d
o o A
o S
& b = 04
o 04} o
3] )
N N
© ®
Eoz2f g%
£ 5 a b
£ : £ R £
0.0 L i L L A | 0.0] T
500 55 650 700 500 550 700



The different densities of AuNPs on the nanocomposites could affect the fluorescence

enhancement factor.
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Figure 1.8 A, B and C are SEM images of AuNPs-SiNWs. 1.0 mL of 1.0 mg/mL SiNW
solution mixed with different volumes (0.1, 0.5 and 1.0 mL) of AuNP solution (0.6
mg/mL) to get sample A, B and C respectively. (D) Relative fluorescence intensity of
nanocomposites before (red) and after (black) dissolving silica layer, signals at 610 nm
were used here for calculation. The pH of samples were adjusted to 7.4 using PBS buffer.

The SEF factor was studied using the nanocomposites containing different
amounts of AuNPs. The results are shown in Figure 1.8 (D). The red columns represent
the fluorescence signal of AuNP-SiNW with a silica layer doped with dye molecules. The
black columns represent the signal of dye released from the samples after NaOH

treatment, which is the orginal fluorescence signal without any enhancment. The black
19



columns of three samples showed the same fluorescence intensity, indicating the same
concentration of dye was released from the three samples. However, the red columns
show different fluorescence intensities, indicating different levels of enhancement by the
nanocomposites. The enhancement was characterized using fluorescence enhancement
factor, F (F=Inanocomposites/Irclcased dye> Inanocomposites 1S the fluorescence intensity of dye-doped
nanocomposites; lrcicased dye 15 the fluorescence intensity of released dye without AuNPs-
SiNW). Using the equation, the enhancement factors of sample A, B and C were
calculated to be 3.34, 5.19 and 6.42 respectively. The sample A had the fewest AuNPs on
the surface, so it gave the lowest signal of all three samples and the enhancement factor
was 3.34. As the number of gold nanoparticles deposited on SINW increased, the signal
became stronger with the enhancement factor of 5.19 and 6.42. During the last synthesis
step, the silica layer not only covered the gold nanoparticles, but also grew on the surface
of SINW which can be clearly observed at inset of Figure 1.6 (B). Only [Ru(bpy);]Cl,
molecules within the enhancement distance of gold nanoparticles are affected by the local
electromagnetic field. Since the total concentration of dye was the same, the more AuNP
on the SiNW surface, the larger the enhancement factor. Sample C had the highest

enhancement factor and sample A had the lowest.

1.4 Conclusions

In summary, a novel nanocomposite for the surface enhanced fluorescence was
developed. The nanocomposites contained silicon nanowire, gold nanoparticles and a
silica layer containing dye molecules. The structure of the nanocomposites was
characterized by SEM, FTIR, and EDS. Several experiments were used to optimize the

parameters that would affect surface enhanced fluorescence of the nanocomposite and the
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optimized parameters were utilized in characterization studies. Fluorescence
measurements showed that the nanocomposite enhances fluorescence with an
enhancement factor of up to 6.42. By changing reaction parameters, different
enhancement factors were achieved. The nanocomposites might be applied in bioimaging

and biodetection due to the nontoxicity and stability of silica and gold.
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CHAPTER 2

Surface Enhanced Fluorescence Comparison of Gold Nanorods and Gold Nanostars

2.1 Introduction

Gold nanoparticles of many shapes have been shown to enhance fluorescence
based on the surface plasmon resonance (SPR) mechanism.’® Gold nanoparticles have
been successfully synthesized in many shapes including spheres (AuNP), rods (AuNR),
stars (AuNS), and cubes.””’”® The different shapes of gold nanoparticles each have
different absorbance spectra in solution based on the plasmon modes of the particular
shape.®> AuNP have one absorbance peak near 530 nm;*> AuNR have two absorbance
peaks, one at 530 nm and another at a longer wavelength that is a function of AuNR
aspect ratio (length:width);* ~* AuNS have a broad absorbance peak that can be in the
near infrared (NIR) region of the electromagnetic spectrum and is a result of the coupling
of the plasmon modes of the core with those of the tips.”

The NIR absorbance and fluorescence enhancement effects of gold NPs have
been employed for their applications as sensors. For biological imaging, the NIR region
of the electromagnetic spectrum is optimum because it has good penetration, low
scattering and it does not damage tissue. Therefore, gold nanoparticles are a great option
to couple with fluorescent probes. Because of the different absorbance spectra of the
gold nanoparticles, fluorescent probes with excitation wavelengths that overlap the
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nanoparticle maximum absorbance values are chosen for optimum fluorescence
enhancement.®> ™

The objective of the work in this chapter was to determine the fluorescence
enhancement effects of two different shapes of gold nanoparticles, AuNRs, and AuNSs,
to determine if one has a better fluorescence enhancement effect than the other under the
same conditions. Nanoparticles were synthesized and then conjugated to fluorescently
labeled DNA molecules or coated with dye-doped silica. The fluorescence of the

modified nanoparticles was compared to the fluorescence of the dye alone to determine if

enhancement occurred.

2.2 Experimental
2.2.1 Materials and Instrumentation

Gold (III) chloride trihydrate (HAuCly), sodium citrate and O-[2-(3-
mercaptopropionylamino)ethyl]-O’-methylpolyethylene glycol (m-PEG-SH) MW 5000
were purchased from Aldrich. Sodium dodecyl sulfate (SDS) was purchased from MP
Biomedicals. Dithiothreitol (DTT), cetyltrimethylammonium bromide (CTAB),
hydroxylamine, silver nitrate, sodium borohydride, ascorbic acid and ethanol were
obtained from Fisher Scientific. Alexafluor 700 and custom-sequence single stranded
DNA (ssDNA) labeled with Alexafluor 532 and Alexafluor 750 were purchased from
Invitrogen. Deionized water was obtained from a Millipore water purification system and
had a resistivity of 18.2 MQecm (EMD Millipore, Billerica, MA).

Fluorescence measurements were performed using a Fluorolog-3

spectrofluorometer equipped with a 450 W xenon lamp (Horiba Scientific, Irvine CA).
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Scanning electron microscope and scanning transmission electron microscope (STEM)
images were taken with a Hitachi SU 8010 field emission scanning electron microscope
(FE-SEM, Hitachi High Technologies America, Inc., Schaumburg, IL). Samples were
separated via centrifugation in an Eppendorf Centrifuge 5804 (Eppendorf, Hauppauge,
NY). Dynamic light scattering and zeta potential measurements were conducted on a

Malvern Zetasizer Nano Series instrument (Malvern, Worcestershire, UK).

2.2.2 Synthesis of AuNR

AuNR were synthesized according to Smith and Korgel.”” A gold seed solution
was prepared by adding 250 pL of 0.01 M HAuCl4 to 9.75 M of 0.1 M cetyltrimethyl
ammonium bromide (CTAB) solution with stirring. A growth solution was prepared by
mixing 9.5 mL 0.1 M CTAB, 75 pL of 0.01 M silver nitrate, 500 uL 0.01 M HAuCl4 and
55 puL of 0.1 M ascorbic acid. Next, fresh sodium borohydride (600 uL 0.01 M) was
prepared by dissolving the solid sodium borohydride in ice cold water and the solution
was added to the gold seeds and stirred for 2 minutes. The gold seeds were allowed to sit
at room temperature for 2 hours. After 2 hours, 12 puL of the gold seed solution was
added to the growth solution. The growth solution was allowed to sit at room temperature
overnight. AuNRs were characterized by SEM, zeta potential measurements, and UV-

Vis-NIR spectroscopy.

2.2.3 Synthesis of AuNS

AuNS were synthesized according to Yuan and coworkers.”® First, silver
nanoparticles were made by adding 5 mL of 2x10~ M sodium borohydride and 38.8x107

M sodium citrate slowly to 50 mL of 5x107 M silver nitrate with vigorous stirring. The
y g g
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mixture was heated to 50 °C for 30 min and then the volume was brought to 50 mL again,
if needed. Next a solution of 0.5 mL of 24.3 x 10° M HAuCls and 1.0 M 40 x 10° M
hydroxylamine was diluted with 40 mL of Milli-Q water. Finally, 0.5 mL of the silver
nanoparticles was added to the diluted solution above and stirred until the color changed
from yellow to brown. AuNS were characterized by SEM, zeta potential measurements,

and UV-Vis-NIR spectroscopy.

2.2.4 DNA Annealing

Three separate ssDNA strands were purchased. Two of the strands had the same
sequence, but different fluorophores; the other was a complementary strand to them both.
The sequences of the fluorophore-conjugated ssDNA and complementary ssDNA strands
are shown in Figure 2.1.

* Alexafluor532 * Alexafluor750

48 base pairs = ca. 15 nm length

S-TTTTTTATTCGCTCAGCTGCATCTGACTGAATCATGTGGGGCCTCTTC
TAAGCGAGTCGACGTAGACTGACTTAGTACACCCCGGAGAAG

S-TTTTTTATTCGCTCAGCTGCATCTGACTGAATCATGTGGGGCCTCTTC *
TAAGCGAGTCGACGTAGACTGACTTAGTACACCCCGGAGAAG

Figure 2.1 Sequence of ssDNA with fluorescent probe and the complementary ssDNA.
The red fluorophore is Alexafluor 532 and the blue fluorophore is Alexafluor 750.

Figure 2.1 shows that the DNA-fluorophore conjugates have 48 base pairs, which
translates to a length of about 15 nm, which is optimum for fluorescence enhancement.*’
Fluorophore ssDNA strands have a disulfide moiety at the 5' end of the DNA while the
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florophore is at the 3' end the DNA. The disulfide bond is broken with DTT in order to
form a thiol that has a strong affinity for the gold NPs. In order to anneal the fluorophore
ssDNA to its complement the following procedure was applied. A 1 pM solution of
fluorophore-conjugated DNA was incubated with 0.1 M DTT and 0.18 M phosphate
buffer pH 7 at room temperature for 1 hour. The complementary DNA strand was diluted
to 1 uM with 0.18 phosphate buffer pH 7. Next, the two ssDNA strands were combined
in equal volumes in a solution with a 0.05 M final NaCl concentration and allowed to sit
at room temperature for 12 hours.® There are two separate fluorescent dyes because the
different NPs have different maximum absorbance wavelengths. Alexafluor 532 was

used with AuNP and Alexafluor 750 was used with AuNRs and AuNSs.

2.2.5 Hybridize DNA to Nanoparticles

All NPs were washed with Milli-Q water at 10000 rpm for 20 min to a final
concentration that corresponded to an optical density of 0.44 at 713 nm. To hybridize the
DNA to the NPs, NaCl must be added which causes AuNP to aggregate in solution and is
visually observed by the red AuNP solution changing to blue upon the addition of NaCl.
To prevent aggregation of AuNP, the stabilizing agent sodium dodecyl sulfate (SDS),
was added to a final concentration of 0.01 % (w/v) to all NP solutions for consistency.

To attach DNA to the surface of each NP shape, 0.44 optical density at 713 nm
NP solution and 1 uM DNA solution were combined and allowed to react at room

temperature for 2 h.
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2.2.6 Silica Layer Growth

In a separate experiment, AuNR and AuNS were coated with a silica layer instead
of hybridizing to DNA to note the fluorescence enhancement. AuNR and AuNS were
first stirred overnight in a solution of m-PEG-SH. AuNR were centrifuged at 10,000 rpm
for 10 min, decanted and then resuspended in water to an absorbance intensity of 0.75 at
a wavelength of 713 nm. AuNS were diluted with water to an absorbance intensity of
0.75 at 713 nm. 2 mL of 1 mM m-PEG-SH (MW 5,000) was added to both a 10 mL
solution of AuNR and a 10 mL solution of AuNS." Both solutions were stirred overnight
at room temperature and were then centrifuged at 10,000 rpm for 25 minutes to remove
excess m-PEG-SH and diluted to 3.5 mL with water. Next, silica layer growth was
initiated using the modified Stdber method.*® Twelve vessesls were prepared for the
following reaction. Six reactions employed AuNR and six employed AuNS. Briefly, 0.5
mL of m-PEG-SH modified AuNR and AuNS were diluted with 3.9 mL of ethanol. Next
0.2 mL of 5% ammonia in water and 1 mL of 50 mM TEOS were added. To three
reaction vessels each of AuNR and AuNS 56 pL of 0.250 M methylene blue was added.
To the other three reaction vessels each of AuNR and AuNS was added 1 pL of 10
mg/mL Alexafluor 700. The reaction proceeded in the dark for 24 hours at room
temperature. After 24 hours, the solutions were washed until the supernatant showed no
fluorescence signal, usually 3 to 4 centrifugations at 10,000 rpm for 20 minutes. Then
the nanoparticles were resuspended in 0.5 mL ethanol. The resuspended nanoparticles
(0.25 mL) were analyzed immediately for fluorescence signal. The other 0.25 mL
nanoparticle solution had the silica layer dissolved to release dye into solution as
described in Section 2.2.7.
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2.2.7 Dissolution of Silica Layer to Release Dye

The following steps were used to dissolve the silica layer grown around the
nanoparticles to release the dye into solution.** Briefly, 6.67 uL of 3 M NaOH was added
to 0.25 mL dye-doped and silica-coated nanoparticles. The solutions were left for 12
hours. After 12 hours, 6.67 uL of 3 M HCI was added to each nanoparticle solution to
neutralize the NaOH and then the bare gold nanoparticles were separated from solution
by centrifugation at 10000 rpm for 30 minutes. The supernatant was collected and

analyzed for fluorescence signal.

2.3 Results and Discussion
2.3.1 AuNR and AuNS Characterization

As-prepared AuNS samples and washed AuNR samples were characterized by
SEM, UV-Vis-NIR, and particle size and zeta potential measurements.

Figure 2.2 shows the UV-Vis-NIR spectra and SEM images of bare AuNS and AuNR.
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Figure 2.2 (A) shows the absorbance spectrum of AuNR and AuNS. (B) and (C) show
the SEM images of AuNR and AuNS, respectively.

The absorbance spectra of the nanoparticles shows absorbance intensity overlaps
at the wavelengths 680 nm and 713 nm. The equal absorbance intensities at 713 nm were

used to compare the two types of nanoparticles instead of comparing by concentrations.
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Zeta potential of the nanoparticles was also measured.

Table 2.1 shows the results of these measurements.

Sample Zeta
Potential (mV)

AuNS -5.8+4.2
AuNS

m-PEG-SH -10.0 £ 8.7
AuNR 19.5+15.2
AuNR

m-PEG-SH 35+123

Table 2.1 Zeta potential of AuNS and AuNT with and without m-PEG-SH.

Table 2.1 shows that initial zeta potential of the nanoparticles is more positive than after
the addition of m-PEG-SH. After the addition of m-PEG-SH the AuNS had an overall
negative zeta potential and the AuNR had a positive zeta potential. The zeta potential of

the nanoparticles may affect the ability for silica layer growth.

2.3.2 Silica Layer Growth

The concentration of m-PEG-SH was important to the successful growth of the
silica layer. When the m-PEG-SH concentration was 5 nM, no fluorescence
enhancement was observed. m-PEG-SH contains terminating hydroxyl groups that react
with TEOS to form the silica layer around the nanoparticle and ethanol as a product. If
there are not enough m-PEG-SH molecules on the nanoparticles, the silica layer does not

grow to envelop the entire nanoparticle.
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2.3.3 Fluorescence Measurements

Fluorescence measurements were conducted on the dye-conjugated-DNA
hybridized nanoparticles and the dye-doped silica layer nanoparticles. No conclusive
fluorescence measurements were achieved with the dye-conjugated-DNA hybridized
nanoparticles. This could be due to a number of factors, such as the AuNR solutions
containing the strong reducing agent, NaBH4, too low concentration of DNA,
unoptimized hybridization conditions or aggregation of AuNPs due to the use of NaCl.

The fluorescence results with dye-doped silica coated AuNS and AuNT were
promising. Fluorescence measurements were performed with a quartz crystal cuvette with
100 pL sample reservoir. Fluorescence slit width was 5 nm. Alexafluor 700 was excited
at 680 nm and emission was measured from 685 to 800 nm with peak emission at 727
nm. Methylene blue was excited at 665 nm and emission was measured from 667 to 800
nm with peak emission at 674 nm. Figure 2.3 shows the fluorescence measurements of the

nanoparticles before and after the silica layer was dissolved.
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Fluorescence Signal of Alexafluor 700
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Figure 2.3 Fluorescence signal of Alexafluor 700 (top) and methylene blue (bottom)
doped into silica layer surrounding AuNS and AuNT before and after dissolving silica
layer.

The initial and final fluorescence of Alexafluor 700 and methylene blue can be
related to a concentration of the dyes with a calibration curve. Figure 2.4 shows the
calibration curve and linear range of Alexafluor 700 and Figure 2.5 shows the calibration

curve and linear range of methylene blue.
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Alexafluor 700 Concentration Dependence
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Figure 2.4 Top: Calibration curve of Alexafluor 700. Bottom: Linear range of calibration
curve. The line of best fit was found to be y = 6E+09x + 15674 using least squares
method.
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Methylene Blue Concentration Dependence
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Figure 2.5 Top: Calibration curve of methylene blue. Bottom: Linear range of calibration
curve. The line of best fit was found to be y = 2E+12x + 41657 using least squares
method.

From the linear ranges of the calibration curves and the line of best fit, it is
possible to calculate the concentration of fluorescent dye that was trapped in the silica
layer. It is also possible to calculate the theoretical concentration of the dye under
enhanced fluorescence conditions.

Table 2.2 shows the results of the calculations.
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Average Fluorescence
Average Initial after Silica
Fluorescence (cps) Layer was Dissolved (cps)
Alexafluor 700
AuNR 1.5 * 10° 3.9 *10°
AuNS 1.6 * 10° 6.2 * 10"
Methylene
Blue
AuNR 1.0 * 10° 2.1 *10°
AuNS 2.5*10° 9.3 *10°
Average Calculated
Theoretical Concentration Average Trapped Dye
From Initial Fluorescence (M) Concentration (M)
Alexafluor 700
AuNR 2.5* 10" 3.9%10°
AuNS 2.7*10" 7.8 % 10°
Methylene
Blue
AuNR 4.9 * 107 8.5*10°
AuNS 1.2*10° 4.4* 10”7

Table 2.2 The initial fluorecence and fluorescence after dissolving silica layer was
measured and reported for both AuNR and AuNS with Alexafluor 700 and methylene
blue. The calculated concentration for all fluorescence measurements was done with the
calibration equation for the appropriate fluorescent dye.
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Table 2.2 shows the calculated concentions of the dyes before and after the silica layer
was dissolved. The initial concentration of each dye added to solution during silica layer
growth was 0.0255 M. It is found that the concentration of dye trapped in the silica layer
is several orders of magnitude less than that. It is also possible to calculate a fluorescence
enhancement factor, F (F=Inanocomposites/ Lrelcased dyes Inanocomposites 1S the fluorescence intensity
of dye-doped nanocomposites; Lrcicased dye 15 the fluorescence intensity of released dye).

Table 2.3 shows the calculated fluorescence enhancement factor for AuNR and AuNS with

Alexafluor 700 and methylene blue.

Fluorescence
Enhancement
Factor
Alexafluor 700
AuNR 38.5
AuNS 25.8
Methylene Blue
AuNR 4.8
AuNS 2.7

Table 2.3 Fluorescence enhancement factors for AuNR and AuNS with each dye.

Table 2.3 shows the fluorescence enhancement factors. It can be seen that the enhancement
factor for Alexafluor 700 is about 10 times larger than that for methylene blue. This is
perhaps due to the the excitation of Alexafluor 700 at 680 nm, which is close to the
maximum absorbance peak of AuNR at about 710 nm and the increasing absorbance of
AuNS from 600 nm and beyond. The excitation peak of Alexafluor 700 is closer to the
maximum absorbance values for AuNR and AuNS than the excitation peak of methylene

blue at 665 nm.
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It was expected that the AuNS would have larger fluorescence enhancement than
AuNR due to the more complicated three-dimensional shape that allows for greater
interaction of the plasmon modes. However, it was observed that the fluorescence
enhancement of AuNS was less than that of AuNR, possibly due to low yield of silica

covered particles or particle aggregation.

2.3.4 Characterization of Silica Coated Nanoparticles

The silica coated nanoparticles were characterized with STEM images. In the
images shown in Figure 2.6, the AuNR and AuNS are seen as dark grey/black with a ligher

grey area around them indicating the silica layer.
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SU8000 20.0kV 6.5mm L-x35.0k TE 6/16/20

SU8000 20.0kV 5.5mm L-x350k TE 6

Figure 2.6 (A) Image showing two silica coated AuNR. (B) More magnified image of
silica coated AuNR. (C) Aggregated cluster of AuNS. (D) Silica nanoparticles from same
sample as AuNS.

Figure 2.6 shows the STEM images. From the images, it was concluded that very
low yields of silica coated nanoparticles were achieved. In both cases, greater yields of
spherical silica nanoparticles were found. In Figure 2.6 (C), a large cluster of AuNS coated
with silica was found, indicating that aggregation of the AuNS is a problem that could

have contributed to lower than expected fluorescence results.
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2.4 Conclusions

Fluorescence enhancement of AuNR and AuNS was measured with two different
fluorescent dyes. Results were unexpected and showed that further investigation must be
done. It was seen that AuNR gave greater fluorescence enhancement for both dyes,
although AuNS were expected to give higher enhancement due to their three-
dimensionsal structure with more highly interacting plasmon modes. Alexafluor 700
showed greater fluorescence enhancement with both types of nanostructures, possibly
due to excitation wavelength of 680 which is closer to the maximum absorbance for both
nanostructures than the excitation wavelength of methylene blue at 665 nm. For better
results in the future, optimization of silica layer growth must be done to increase yield of

silica coated gold nanoparticles and limit growth of pure silica nanoparticles.
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