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ABSTRACT

In the first project, both non-spherical and spherical silica nanomateirals with
hollow interiors were synthesized by a one-step soft-templating method. By simply
changing the applied solvent from ethanol to 1-propanol, or 1-pentanol, three different
shapes of nanomaterials, including nanosphere, nanowire, and nanotadpole, could be
obtained, respectively. The effects of other factors on morphology were also
systematically studied to propose a growth mechanism. It was found that the
PVP-water droplet was the crucial factor on the formation of hollow interiors.
Without the addition of PVP, only solid silica nanomaterials, such as solid
nanoparticles, nanorods, and nanowires, were synthesized. This developed method
showed excellent reproducibility and great potential for a large-scale synthesis.

In the second project, a novel nanocomposite contained a spherical gold
nanoparticle core, a silica spacer and a fluorescent dye layer in the silica matrix was
designed to study the metal-enhanced fluorescence phenomenon. It was found that the
size of gold nanoparticles cores and the distances between cores and fluorescent dyes
had significant effects on the emitted fluorescence intensity. An enhancement factor of
9.2 was obtained when the nanocomposite contained a 13.7 + 1.3 nm gold
nanoparticle core and a 36.6 + 4.4 nm silica spacer.

In the third project, an ultrasensitive protein assay was developed by using
silica nanorods decorated with gold nanoparticles (AuNPs-SiNPs) as labels in a lateral
flow platform. A large number of AuNPs on one single SiNR provided visualized dark
purple color that was much darker than the pure AuNPs solution. Therefore, the

detection limit was lowered 50 times compared to the traditional AuNP-based lateral
XVii



flow assay. Under optimal conditions, a linear range of 0.05 - 2 ng/mL with a
detection limit of 0.01 ng/mL was obtained. The lateral flow bioassay based on these
composite nanomaterials thus offered an ultrasensitive method for rapid detection of
trace amount of proteins and has a potential application for point-of-care screening in
clinical diagnostics and biomedical research.

In the fourth project, a new hyperthermia agent, Au-silica nanowire
nanohybrid (Au-SiINW nanohybrid) was synthesized and applied in the photothermal
therapy. Due to its strong NIR absorption ability, the Au-SINW nanohybrid can
generate significant amount of heat upon NIR irradiation and induced thermal cell
death. By incubating the nanohybrids with cancer cells and irradiating with NIR laser,
cancer cells were successfully killed, indicating their potential as promising

hyperthermia agents.

XViii



CHAPTERI
SHAPE-TUNABLE HOLLOW SILICA NANOMATERIALS BASED ON

SOFT-TEMPLATING METHOD AND THEIR APPLICATIONS AS DRUG
CARRIERS

1. Introduction
Hollow silica nanomaterials have attracted considerable attention due to their
excellent biocompatibility, easy surface functionalization accessibility, good chemical
inertness and thermal stability.>® They have been used in diverse fields including drug
delivery, sensing, catalysis, and large biomolecular release system.**! Two approaches
for synthesizing hollow silica nanomaterials can be broadly divided into two

1216 and soft-templating'’?%. The hard-templating method

categories: hard-templating
normally needs a layer of the desired materials coated on the surface of the template
core, followed by a selective removal of the template. This approach has been widely
used and proven to be effective for the synthesis of hollow nanomaterials with
controllable shell thickness. However, tedious and complicated procedures are usually
required, which are sometimes expensive and unsuitable for a large scale synthesis.
Many efforts have been devoted to developing soft-templating methods. In the
soft-templating method, no additional templates are needed and therefore it may have
the advantage of better scalability.

On the other hand, the hollow silica nanomaterials obtained by the template
methods are mostly spherical in morphology. The preparation of well-defined hollow
non-spherical nanomaterials with tunable sizes and morphologies generally introduces

additional challenges due to the difficulties in forming uniform coating around

high-curvature surfaces and the deficiency of appropriate non-spherical templates.
1



Therefore, the ability to tune the structure, size, and morphology of the synthesized
nanomaterials is an important goal in current material synthesis and device fabrication.
Recently, Chen et al. developed a method to synthesize silica nanotubes based on the
thermolysis of silicon tetraacetate with the assistance of both hard and soft
templates.”® Wu et al. found that rodlike hollow silica particles could be obtained by
using a surfactant mixture composed of zwitterionic and anionic surfactants as the
templates with the assistance of a constructure-directing agent.** These non-spherical
new members expand the versatility of hollow nanomaterials family and bring some
novel properties, functions and potential applications. However, the preparation of
non-spherical nanomaterials generally requires strict reaction conditions in addition to
high cost and tedious synthetic procedures. Moreover, the morphology of the
synthesized nanomaterial is not tunable.

Herein, we developed a synthetic approach for making hollow silica
nanomaterials with tunable morphologies by using PVP-water droplets as the soft
templates. Three morphologies with hollow interiors, including tadpole-like, wire-like,
and spheres, were obtained easily by changing the applied solvent from 1-propanol to
1-pentanol, or ethanol, respectively. In addition, we demonstrated that molar ratio of
NH,OH to TEOS and reaction time could also be used as factors to tune the
morphology of produced nanomaterials. The effect of various factors on the
morphology was systematically studied to propose a growth mechanism. The
potential application of the developed hollow nanomaterials was investigated by
taking the hollow spherical silica nanomaterials as an example to study its
drug-carrying ability. Using inexpensive and commercially available reagents, the
newly developed one-step synthetic strategy shows significantly high reproducibility

that brings great potential for a large-scale synthesis.



2. Experimental Section

2.1. Chemicals and Instruments.

Tetraethylorthosilicate (TEOS, 98%) was purchased from Aldrich.
Ammonium hydroxide (28.0% — 30.0%), absolute ethanol (99%) and ethanol (95%)
were obtained from Fisher Scientific Co. Sodium citrate (NasCt), 1-propanol,
1-pentanol and polyvinylpyrrolidone (PVP, average molecular weight Mn = 40,000)
were purchased from Alfa Aesar. Tris(bipyridine)ruthenium (I1) dichloride (Rubpy)
was purchased from ICN Biomedicals Inc.E. Coli HB101 strain (genotype: F-, thi-1,
hsdS20 (rB-, mB-), supE44, recAl3, ara-14, leuB6, proA2, lacYl, galK2, rpsL20
(strr), xyl-5, mtl-1) was obtained from American Tissue Culture Collection (ATCC)
and polymyxin B was purchased from MPBio. Deionized water (Millipore Milli-Q
grade) with resistivity of 18.2 MQ-cm was used in all experiments.

2.2. Characterization.

A Hitachi 7500 transmission electron microscope (TEM) and a Hitachi
SUB010 field emission scanning electron microscope (SEM) were used to take images
of the developed silica nanomaterials. The fluorescence intensities of the synthesized
fluorescent silica nanomaterials were measured using a Jobin Yvon Horiba Fluorolog
spectrofluorometer. The Carl Zeiss LSM 510 Meta laser scanning confocal
microscope was used to observe Rubpy-doped hollow silica nanoparticles. The
elemental analysis was achieved by performing energy dispersive X-ray spectroscopy
(EDS) measurements using an Oxford X-Max EDS that is attached to the Hitachi
SU8010 field emission SEM. Powder X-ray diffraction patterns (XRD) of the
synthesized nanomaterials were recorded on a Rigaku Ultima IV diffractometer with
PDXL software. The diffraction patterns were collected at room temperature using Ni

filtered Cu Ka radiation of wavelength 1.5408 A with accelerating voltage of 40 kV,
3



and emission current of 44 mA. The angle regions were scanned from 10 to 80° (20)
with a step size of 0.02° at ascan rate of 1°min. The Beckman DU® 640
spectrophotometer was used to measure the optical density (OD) of the LB bacterial
suspensions in the kinetic study for the determination of the bacterial growth curve.
2.3. Synthesis of Hollow Non-Spherical Silica Nanomaterials (HNSNS).

2.3.1. Synthesis of Hollow Silica Tadpole-like Nanomaterials.

Monodispersed hollow silica tadpole-like nanomaterials were prepared by
using 1-propanol as the solvent. A mixture of 3.00 g PVP and 30.00 mL of 1-propanol
was sonicated for 30 min until all PVVP was dissolved. An aliquot of 3.00 mL of 95%
ethanol, 0.84mL H,O, and 0.20 mL of 0.17 M NasCt was added into the
PVP/1-propanol mixture and gently shaken by hand, followed by the addition of 0.30
mL TEOS and 0.60 mLNH4OH. The mixture was left to rest and the reaction was
allowed to proceed overnight at room temperature. The tadpole-like nanomaterials
were collected by centrifuging at 3,000 rpm for 30 min. The supernatant was removed
and the precipitates were washed 3 times with ethanol for 20 min at a centrifuge speed
of 3,000 rpm.

2.3.2. Synthesis of Hollow Silica Nanowires (HSiNWs).

The synthetic procedures were the same as the synthesis of hollow
tadpole-like nanomaterials except for changing the solvent from 1-propanol to
1-pentanol and adding 0.10 mL instead of 0.60 mL of NH4OH. By changing the molar
ratio of NH,OH to TEOS from 0.53, 1.60, 2.67, 3.73, 4.80, to 5.87, different shapes of
silica nanomaterials can be obtained.

2.4. Synthesis of Hollow Spherical Silica Nanomaterials (HSSNs).
Monodispersed HSSNs were prepared using EtOH as the solvent. A total of

0.50 g PVP was added to 10.00 mL of absolute ethanol and the mixture was sonicated



until all the PVP was dissolved. A 0.40 mL aliquot of H,Oand 0.10 mL of 0.17 M
NasCt were added into the PVP-ethanol mixture followed by the addition of 0.40 mL
of NH4OH and 0.15 mL of TEOS. The mixture was shaken by hand gently and then
left to rest for overnight reaction at room temperature. HSSNs were collected by
centrifuging at 3,000 rpm for 30 min. The supernatant was removed and the
precipitates were washed 3 times with ethanol for 20 min. The calcination process at
500 - 600 °C for 4 h can remove the PVP to obtain HSSNs. For the synthesis of
dye-doped HSSNs, 0.40 mL of 10.00mM Rubpy solution was added instead of 0.40
mL H,O and the reaction was carried out in the dark. Rubpy-doped HSSNs were
collected by centrifuging at 3,000 rpm for 30 min and the precipitates were washed 3
times by ethanol. After carefully removing the supernatant, the Rubpy-doped HSSNs
were re-dispersed in 10 mL water for fluorescence intensity measurement. The
fluorescence intensity of pure Rubpy aqueous solution (0.03 mM) and pure HSSNs
(0.05 mg/mL) were measured as controls. For the synthesis of polymyxin B-doped
HSSNs, 0.40 mL of 5.00 mg/mL polymyxin B solution was added instead of 0.40 mL
H,0.

2.5. Monitoring of the Formation Process of Hollow Silica Nanomaterials at Different
Reaction Times.

The intermediates of the hollow nanomaterials were collected at different
reaction times to study their formation process. The synthetic procedures were the
same as described in Section 2.4. When using 1-propanol as the solvent, a 5.00 mL
aliquot of synthetic solution was collected each time when the reaction had proceeded
for 5 min, 10 min, 1 h, and 16 h; the same amount was also takenat 1 h, 2 h, 3 h, 5 h,
and 16 h with 1-pentanol as the solvent. The collected solutions were centrifuged at
3,000 rpm for 30 min and the supernatant was subsequently removed. The precipitates

were washed 3 times by ethanol and re-dispersed in distilled water.
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2.6. Antibacterial Experiments in LB Plates.

A 0.05mL aliquot of E. coli suspension was mixed with 0.05mL of 2.00
mg/mL HSSNs, pure water, or polymyxin B-doped HSSNs with a concentration of
1.00, 0.50, 0.25, and 0.10 mg/mL, respectively. Each as-prepared 0.10 mL
bacteria-sample mixture was evenly spread on the surface of LB-agar dishes. The
dishes were then placed in an incubator for 24 h at 37 °C.

2.7. Bacterial Kinetic Study.

A 0.05mL aliquot of E. coli suspension was added to 5.00 mL LB followed
by the addition of different samples. The final concentrations of the samples was
0.040 mg/mL pure HSSNs, 0.005, 0.020, and 0.100 mg/mL polymyxin B-doped
HSSNs. Water and pure HSSNs were used as controls. The initial time of adding each
sample to LB bacterial suspension was recorded as zero. The suspension was
incubated at 37 °C at a shaking speed of 200 rpm. At each set time interval, a 0.20 mL
aliquot of the suspension was withdrawn from the incubator and placed in a cuvette
containing 1.80 mL of LB broth. Then, an OD measurement at a wavelength of 600
nm was performed to estimate the amount of bacteria present in the samples.

3. Results and Discussion
3.1. Synthesis of Hollow Non-Spherical Silica Nanomaterials (HNSNSs).

Two distinct morphological non-spherical silica nanomaterials, hollow
tadpole-like and hollow silica nanowires (HSINWSs), were obtained by using
1-propanol and 1-pentanol as the solvent, respectively. In a typical synthetic process,
PVP was first dissolved in the solvent and followed by the addition of NasCt, H,O,
and NH4OH. The formation of a silica shell was initiated by the addition of TEOS that
acted as the silica precursor.

When 1-propanol was used as the solvent, the resulting hollow nanomaterials



showed a tadpole-like shape (Figure 1A - B). They possessed a relatively round shape
at one end, resembling the head of a tadpole, and the hollow structure gradually
became thinner towards the other end, resembling the tail of a tadpole. The average
diameter of the head parts was 235 + 35 nm with a silica shell thickness of 58 £ 9 nm.
The diameter and the silica shell thickness of the tail parts were 64 £ 5 nm and 23 + 5
nm, respectively. The shape of the product was uniform. Over 99% of the produced
nanomaterials had the tadpole-like morphology. The hollow structure can be clearly
observed from both the TEM image (FigurelA) and the broken nanomaterials in the
SEM image (FigurelB, red arrows).

Ultra-long silica nanowires (HSINWSs) were obtained when changing the
solvent to 1-pentanol as shown in Figure 1C and D. The nanowires have a typical
length up to tens of micrometers and a diameter ranging from 60 to 100 nm. The
hollow structures can be clearly observed either from the TEM (Figure 1C) or some
broken HSiNWs in the SEM image (Figure 1D, red arrows). It is also noteworthy that
the HSINWs can bend dramatically without breaking into small pieces, showing their

excellent flexibility.



Figure 1. TEM and SEM images of obtained hollow silica tadpole-like nanomaterials
(A and B) and hollow silica nanowires (C and D) by using 1-propanol or 1-pentanol
as the solvent, respectively. TEM images: A and C, SEM images: B and D.

The chemical composition and crystalline property of the hollow silica
nanomaterials were investigated using EDS elemental analysis and powder X-ray
diffraction patterns (XRD). The hollow nanomaterials with different shapes showed
similar chemical composition and crystalline property. Here the results for the
HSINWSs were presented as an example. The EDS spectrum in Figure 2A was
obtained from a single nanowire of the indicated yellow area on the SEM image
(Figure 2A inset). The EDS analysis demonstrated that the nanowire contained Si and
O with an approximate atomic ratio of Si : O = 1 : 2. The XRD pattern of the
synthesized HSiNWSs was shown in Figure 2B. The scattering pattern exhibited one

broad peak ranging from 15 to 30° with the peak value at 26 angle of 24°, indicating

the amorphous nature of the HSINWs.
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Figure 2. AEDS spectrum (A) and the XRD pattern (B) of the synthesized HSiNWs.
One-dimensional amorphous HSINWs are good candidates for
photoluminescent materials due to their unique blue light emission.”? It is also
reported that the photoluminescence intensity is two orders of magnitude higher than
that of oxidized silicon nanowires.®® The optical properties of silica nanowires were
also investigated in our study. Figure 3a shows the photoluminescence excitation
spectrum of the synthesized silica nanowires. It has a strong peak around 330 nm,
therefore, it was wused as the excitation wavelength for the following
photoluminescence emission study. From the obtained emission spectrum (Figure 3b),
two characteristic peaks are observed at the wavelength of 450 (2.76 eV) and 540 nm
(2.30 eV). According to discussion provided by Nishikawa et al.** and Liao et al.*,
the 2.76 eV band is ascribed to the neutral oxygen vacancy (O=Si-Si=0) defects in
amorphous silica. For the band near 2.3 eV, the self-trapped excitons and the nature of
the self-trapped excitons are governed by the structure of the SiO, tetrahedron.®® A
relatively weak peak around 410 nm (3.0 eV, not shown here) is also observed, which
can be attributed to some intrinsic diamagnetic defect centers, such as the two fold
coordinated silicon lone pair centers (O-Si-O).The photoluminescence property of the

silica nanowires may have great potential applications in integrated optics.
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Figure 3. The excitation (a) and emission (b) spectra of the as-synthesized silica
nanowires.

3.1.1. Effect of Molar Ratio of NH,OH to TEOS.

Analogous to the classic sol-gel process, NH;OH was used as a basic catalyst
for the hydrolysis of TEOS. In addition, NH,OH has also been reported as a
morphological catalyst reagent.** The amount of NH4OH in the reaction medium has
a pronounced influence on integrity and surface morphology of the synthesized silica
nanomaterials. A wide range of the molar ratios of NH,OH to TEOS (0.53, 1.06, 2.12,
3.18, 4.24, and 5.30) was investigated (Figure 4) in the 1-propanol solvent system. At
a low molar ratio of NH,OH to TEOS (0.53, Figure 4A) hollow
crushed-microballoon-like particles with thin shells were obtained. As the molar ratio
of NH;OH to TEOS (1.06) increased, the particles became more spherical with a
thicker silica shell. Meanwhile, some of the particles started to grow tails to form
tadpole-like structures (Figure 4B). When the molar ratio of NH,OH to TEOS reached
2.12, a tadpole-like structure formed (Figure 4C). With further increasing the molar
ratio of NH,OH to TEOS (3.18, 4.24 and 5.30), the head of the particle became more

solid while the tail kept the hollow structure and grew longer (Figure 4D — F).
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Figure 4. TEM images of the hollow silica nanomaterials prepared using 1-propanol
under various molar ratios of NH,OH to TEOS. From A to F, the molar ratio of
NH4OH to TEOS was 0.53, 1.06, 2.12, 3.18, 4.24, and 5.30, respectively(scale bar:
1um).

When 1-pentanol was used as the solvent, ultra long and amorphous HSINWs
were obtained (Figure 5A — C) at relatively low molar ratios (0.53 and 1.60).
Differences were revealed under high magnification TEM images in these two molar
ratios of NH,OH to TEOS (Figure 5B — C). In a molar ratio of 0.53, silica nanowires
with hollow nanostructures were obtained (Figure 5B) while only solid nanowires
were synthesized in the molar ratio of 1.60 (Figure 5C). As the molar ratio of NH,OH
to TEOS increased to 2.67, 4.80, and 5.87, solid silica nanorods and nanoparticles
were synthesized (Figure 5D — F). The above results might be explained by different
TEQOS hydrolysis and condensation rates under various NH,OH to TEOS molar ratios.
The condensation of TEOS was fast at low molar ratios of NH,OH to TEQOS, in which
the by-products (ethanol and water molecules) were unable to diffuse into the

relatively nonpolar solvent (pentanol) timely and were trapped inside of the newly

formed nanowires. With several washings, the spaces occupied by these encapsulated
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small by-products became hollow parts of the nanowires. The rough surfaces of the
HSINWs also indicated they were not formed by slow thermodynamic controlled
processes. In contrast, the condensation rate probably decreased at a high molar ratio
of NH,OH aqueous solution to TEOS due to the large excess of NH,OH and the water
introduced at the same time. Therefore, no by-product or PVP-water mixture was
trapped inside of the nanomaterials (Figure 5C — F). The observation of solid
nanowires, nanorods and nanoparticles at high molar ratio of NH,OH to TEOS was

consistent with Kuijk’s report.*® The formation of such long HSINWSs was quite

challenging and the one-pot process reported herein is not only novel but also facile

L

and reliable.
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—

Figure 5. SEM (A, D — F) and TEM (B and C) images of the synthesized silica
nanomaterials by changing the molar ratio of NH,OH to TEOS from 0.53 (A,B), 1.60
(C), 2.67 (D), 4.80 (E), to 5.87 (F), respectively. 1-pentanol was used as the solvent.
3.2. Formation Process of Hollow Non-Spherical Silica Nanomaterials.

To study the formation process of silica nanomaterials in different solvents

and propose a possible growth mechanism, the intermediates were collected at

different reaction intervals and then were characterized using TEM. These TEM
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images clearly revealed the evolution process of the products.
3.2.1. Hollow Tadpole-like Silica Nanomaterials.

At the initial stage (5 min after the addition of TEOS) the products showed
hollow hemispheres with one side open (Figure 6A). After 10 min of the reaction, the
silica shell grew thicker at one side, forming a head of the tadpole (Figure 6B). By
increasing the reaction time to 20 min, the length of the nanomaterials increased
dramatically (Figure 6C) and a hole formed at the tail. The length of the tadpole kept
growing within 1 h (Figure 6D) until the hole at the end of the tail was closed. With a
further increase in the reaction time to 16 h, the size of the tadpole only showed slight

changes.
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Figure 6. TEM images of the silica tadpole-like nanomaterials in the formation
process, preceding the reaction for (A) 5 min, (B) 10 min, (C) 20 min, and (D) 1 h,
respectively.

3.2.2. Hollow Silica Nanowires.

At the early stage of hollow nanowire growth (1 h), the produced hollow
nanomaterials were more likely to have spherical shapes as shown in Figure 7A. It is
noteworthy that the thickness of the silica shell in this stage was not uniform. After 2
h of reaction, a silica tail appeared at the thinner shell area and began to grow along
the direction (Figure 7B — C). Long HSiNWs were formed by further reaction until
TEOS was completely consumed (Figure 7D — E). The steep increase in the length of

the HSINWs was observed during the first 4 h (Figure 7F). It was difficult to measure

the length of HSINWSs after an overnight reaction (16 h) because they were densely
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tangled. In both 1-propanol and 1-pentanol systems, spherical-like hollow silica
nanomaterials were formed at the initial stage, which proved the existence of
PVP-water droplets and the hydrolysis and condensation on the surface of the

droplets.
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Figure 7. The growth of HSiINWSs observed at different reaction times. (A) 1 h, (B) 2 h,
(C)3h,(D)5h, (E) 16 h, (F) the length changes of products vs the reaction time.

3.3. Synthesis of Hollow Spherical Silica Nanomaterials (HSSNs).

The HSSNs could be synthesized by changing the applied solvent to EtOH.
As shown in Figure 8, monodispersed HSSNs with a relatively uniform size and
smooth surface were obtained. The average diameter of the particles in Figure 8 was
365 + 49 nm. The hollow structure of these spherical particles can be revealed by the
contrast between the dark outlier and the pale inner in the spheres (Figure 8A). The
hollow structure was also observed in broken particles in the SEM image (red arrows

in Figure 8B).
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Figure 8. (A) TEM and (B) SEM images of synthesized HSSNs by using ethanol as
the solvent, (C) Fluorescence spectra of pure Rubpy, Rubpy-doped HSSNs, and pure
HSSNs in aqueous solutions as described in Section 2.3. Excited at 488 nm with
emission range from 500 to 650nm. Slit: 2 nm. (D) Confocal fluorescence image of
Rubpy—doped HSSNs. The fluorescence image was taken using a 100x objective lens
with an excitation wavelength of 488 nm and a 585 nm long pass emission filter.
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To further confirm the hollowness of the particles, we visually observed the
hollow nanostructure through fluorescence imaging. A positively charged fluorescent
dye, Rubpy, was doped into the silica shell during the synthesis of HSSNs. Due to the
strong electrostatic interaction between the negatively charged silica and the
positively charged dye molecules, Rubpy would be trapped in the silica shell and

guaranteed the high encapsulation efficiency. The encapsulating of Rubpy in the silica
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shell was studied by fluorescence measurements (Figure 8C) and confocal
fluorescence imaging (Figure 8D). The characteristic fluorescence emission peak of
Rubpy at 605 nm in the fluorescent spectra and a ring-like structure in the confocal
fluorescence imaging demonstrated the hollow structure of the particles since only the
fluorescent labeled silica shell was visible.

3.3.1. Effect of Molar Ratio of NH,OH to TEOS.

The molar ratio of NH,OH to TEOS (the amount of TEOS was fixed) was
varied from 1.06, 2.12, 3.18, 4.24, 5.30, to 6.36 to study the effect of molar ratio on
the formation of the HSSNs (Figure 9). Without NH,OH in the reaction system, no
nanoparticles were obtained due to the slow hydrolysis of TEOS. At low molar ratios
of NH,OH to TEOS (1.06 and 2.12), the products were deformed and aggregated as
shown in Figure 9A — B. The deformed silica structures seemed to be the broken thin
shell HSSNs because they were too fragile to survive during the sequential workup.
When the molar ratio was increased to 3.18, a large number of HSSNs was observed
(Figure 9C). However, some of them had open ends rather than intact HSSNs. With
further increasing the ratio of NH,OH to TEOS to 4.24 and 5.30, perfectly intact
HSSNs were synthesized (Figure 9D — E). If the molar ratio further increased to 6.36,
the majority of the products became solid silica nanoparticles as shown in Figure 9F
and the silica shell of HSSNs became much thicker. By changing the molar ratio of
NH4OH to TEOS, the silica shell thickness increased from 23.02 nm + 3.1 nm (Figure

9D), 32.8 nm = 2.2 nm (Figure 9E), to 50.6 = 2.9 nm (Figure 9F), respectively.
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Figure 9. TEM images of the HSSNs prepared under various molar ratios of NH,OH
to TEOS by applying ethanol as the solvent. From A to F, the molar ratio of NH,OH
to TEOS is 1.06, 2.12, 3.18, 4.24, 5.30, and 6.36, respectively. The experiment was
performed by changing the amount of NH,OH while other conditions were fixed.

3.4. The Role of PVP on the Formation of the Hollow Structure.

The effect of PVP concentration on the formation of hollow nanomaterials
was investigated. The HSSNs was taken as an example. In the absence of PVP, solid
silica nanoparticles without hollow interior were obtained as shown in Figure 10A. In
the presence of different concentrations of PVP varying from 31.3 wt%, 62.5 wt%, to
125 wt%, the HSSNs were successfully synthesized. When the concentration of PVP
was 31.3 wt% (Figure 10B), which was lower than the minimum PVP-water binding
concentration (57 wt%),*® a limited number of water molecules bound to PVP.
Therefore, the majority of the synthesized nanomaterials were solid silica
nanoparticles (inset TEM image in Figure 10B) with a few HSSNs. As the
concentration of PVP increased to 62.5 wt%, well-dispersed HSSNs were obtained as
shown in Figure 10C. All hollow nanoparticles appeared as a spherical morphology

with uniform size. When the concentration of PVP further increased to 125 wt%

(Figure 10D), no significant morphological change was observed except for a slight
17



decrease in size from 365 + 49 nm to 359 + 55 nm.
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Figure 10. TEM images of silica nanoparticles obtained at different concentrations of
PVP: (A) 0 wt%, (B) 31.3 wt%, (C) 62.5 wt%, and (D) 125 wt%. Inset image in B:
solid silica nanoparticles.
3.5. Possible Mechanism.

A possible mechanism of the formation of hollow nanomaterials with tunable
morphologies was proposed based on the above results (Scheme 1). The formation of
PVP-water droplets and intrinsic properties of applied solvents play critical roles in
the synthesis process. PVP is an amphiphilic, non-ionic polymer, which is soluble in
water and many non-aqueous solvents due to the presence of a highly polar amide
group within the pyrrolidone ring. Therefore, the PVP was commonly viewed as a
surfactant and a stabilizer in material synthesis. One important property of PVP is that
at a high concentration of PVP (> 57 wt%) in aqueous solution, water molecules
preferred binding with PVP instead of acting as a solvent, which was referred to as
bound water. When TEOS was added, its hydrolysis and condensation took place at
the interface of the hydrophobic phase and the PVP-water droplets. The hydrolyzed
Si(OH)«(OCH2CH3)4.x molecules were polar and tended to accumulate at the oil-water
interface of the emulsion. As the hydrolysis and condensation continuously proceeded,

the resulting silica assembled on the surface of PVP-water droplets, eventually

resulting in a hollow interior after the removing of PVVP-water droplets.
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Scheme 1. The formation of hollow nanomaterials in different solvents: ethanol (1),
1-propanol (2), and 1-pentanol (3).

The morphology of synthesized nanomaterials changed dramatically with
different applied solvents. Ethanol is the most commonly used solvent to obtain
spherical silica nanoparticles based on the TEOS hydrolysis and condensation as
follows:*’

Si(OCH,CHs)4 + 4H,0 <> Si(OH), + 4EtOH [1]
nSi(OH)s«<> nSiO;, + 2nH,0 [2]

The produced EtOH and H,O are homogeneously miscible with the solvent
EtOH. Thus the surface tension of PVVP-water droplets barely changed. Therefore,
perfectly spherical-shape hollow nanomaterials were obtained in the ethanol-solvent
system (Scheme 1, (1)). On the contrary, if the produced EtOH and H,O are not
homogeneously miscible with the solvent, the surface tension of PVP-water droplets
would change in the formation of the silica shell thus the shape of the PVP-water
droplets would change, resulting in different morphologies of the silica shell (Scheme
1, (2) and (3)).

When 1-propanol was used as a solvent, although it is also miscible with H,0O,
the combined solution was far from homogeneous.® In this case, some produced
water molecules would prefer binding with PVP rather than dispersing into the
surrounding solvent. Thus the surface tension of PVP-water droplets would be

changed. As the anisotropic supply continued to hydrolyse and condense, the
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PVP-water droplets were deformed where the silica grew along, resulting in a
tadpole-like shape (Scheme 1, (2)).

Unlike ethanol and 1-propanol which are miscible with water, 1-pentanol is
immiscible with water and its solubility in water is only 2.19 wt%.% Therefore, the
produced ethanol and water molecules were unable to timely diffuse into the
relatively nonpolar solvent pentanol and trapped inside of the newly formed
nanowires. The spaces occupied by these encapsulated small by-products became
hollow parts of the nanowire after workup. Meanwhile, the PVP-water droplets kept
in the end of the nanowire and the silica continued to grow along the direction,
resulting in an ultra-long wire-shape nanostructure (Scheme 1, (3)).

3.6. Potential Applications of the Hollow Silica Nanomaterials.

Hollow nanomaterials are of great interests for applications in drug delivery
and catalysis. To investigate potential applications of the developed hollow
nanomaterials, the HSSNs were selected as an example to study its drug-carrying
ability. In this work, we studied if drugs could maintain their activity after being
encapsulated in the HSNs.

Polymyxin B, a well-known drug for its biocidal activity on a number of
bacteria, was chosen as a model drug. The antimicrobial efficacy of the polymyxin
B-doped HSNs was examined against gram-negative E. coli bacteria, which has been
used as a model bacterial system for various antimicrobial tests. Without addition of
polymyxin B-doped HSNs, a full bacterial layer on the surface was observed (Figure
11, 1 and 6). However, in the dish with the highest concentration of polymyxin
B-doped HSNs (Figure 11, 2), the dish surface was completely free from bacteria. As
the concentration of the polymyxin B-doped HSSNs decreased, bacterial colonies

gradually increased (Figure 11, 3 -5).
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Figure 11. Antibacterial function of the polymyxin B-doped HSSNs toward
gram-negative E. coli bacteria. Photographs were taken after incubation for 24 h at
37 °C. The samples (each sample is %2 of the agar dish) from left to right were: 1) pure
water; 2 - 5) polymyxin B-doped HSSNs with a concentration of 0.500, 0.250, 0.125,
and 0.050 mg/mL, respectively; 6) 2.000 mg/mL pure HSSNs.

We further quantitatively evaluated the antibacterial activity of the
polymyxin B-doped HSSNs by studying the growth Kinetics of bacteria in a LB liquid
medium. The bacterial proliferation was measured using OD600 based on the
turbidity of the cell suspension within 24 h. The growth curve showed a typical
concentration-dependent antibacterial effect of the polymyxin B-doped HSSNs
(Figure 12). The bacteria growth curves in the presence of polymyxin B-doped
HSSNs were significantly different from the ones in the two controls media (water
and pure HSSNs) in the first 8 h, suggesting strong inhibition of proliferation of E.
coli. Complete inhibition of E. coli growth during the whole 24 h was observed when

0.100 mg/mL of polymyxin B-doped HSSNs was used. These data strongly suggest a

long-term antibacterial activity of the polymyxin B after being doped in the HSSNs.
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Figure 12. Bacteria growth curves in LB media with pure HSSNs, water and different
concentrations of polymyxin B-doped HSSNs. Wavelength: 600 nm.

4. Conclusions

In summary, hollow silica nanomaterials with different morphologies have
been successfully synthesized by simply changing the solvent. By using three
different solvents, hollow spherical nanoparticles, tadpole-like nanomaterials, and
nanowires were obtained, which further generate a broad family of interesting
structures. The morphology of synthesized nanomaterials can also be tuned by the
molar ratio of NH,OH to TEOS and reaction time. A mechanism based on the
intrinsic properties of solvents, diffusion rates of side-products and the condensation
reaction rate of TEOS was proposed. Overall, the newly developed synthetic process
is an efficient one-step procedure using inexpensive and commercially available
reagents, showing high reproducibility and great potential for a large-scale synthesis.
Their application as a drug-carrier was demonstrated using the hollow spherical silica

nanoparticles.
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CHAPTER II

DEVELOPMENT OF GOLD NANOPARTICLE-ENHANCED FLUORESCENT
NANOCOMPOSITES

1. Introduction
Fluorescence-based  detection  technology, in  combination  with
nanotechnology, has been widely used in biological fields.*** A number of
fluorescent nanomaterials, including quantum dots (QDs),* upconversion

nanoparticles,*® polymer-based fluorescent nanoparticles,*

and dye-doped silica
nanoparticles (DDSN),** are of considerable interest as sensors and indicators for
biological detections due to their high fluorescence intensity, stability, and easy
modification. To further increase fluorescence intensities of nanomaterial-based
probes, metal nanostructures have been applied to fabricate metal-dye
nanocomposites. It has been proven that the fluorescence can be enhanced by several
49-51

fold at a certain distance, but quenched in close proximity to a metal nanoparticle.

Such a fluorescence enhancement phenomenon is well-known as the metal-enhanced

51-54 d 49, 55
H

fluorescence (MEF) effect. MEF from different metals including silver, gol
copper,®® zinc,>” chromium,*® iron,> and rhodium® has been observed. These metals
can be made into different shapes of nanostructures, such as nanoparticles,
nanotubes,® nanoburgers,®? and nanorods.®*®*

However, most MEF applications have been performed on a planar glass

substrate,>* 85-5

which limits their use in biological fields. In 2004, Geddes’s group
used a SiO, matrix to adjust the distance between dye molecules and silver

nanoparticles. For the first time the MEF sensing platform was based on solutions
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instead of solid substrates.>® Afterward, a new class of SiO,-coated silver
nanoparticles for MEF study continued to be developed.® ®"® Because of their low
toxicity and enhanced-fluorescence intensity, they have become one of the most
promising candidates for in vivo fluorescence imaging and ultrasensitive analysis.
Thus, various types of non-solid substrates based metal-dye nanocomposites are
needed.

The mechanisms of MEF have been extensively studied. Several pathways of
metal enhancement have been proposed.*® ® First of all, the occurrence of surface
plasmon resonance leads to a strongly enhanced absorption of the incident light.
When the surface plasmon resonance band of a metal nanostructure overlaps the
excitation of the fluorophores, the energy is transferred from the metal to the
fluorophores so that the possibility of excitation of the dye molecules is increased.
Secondly, the metal nanostructure can change the radiative deactivation rate of the
fluorophores. Thus, the fluorescence lifetime and the quantum vyield are changed.’
Thirdly, the scattering of the metallic nanostructures affects the coupling efficiency of
the fluorescence emission to the far field.””"® By matching the plasmon resonance
band to the fluorophore emission wavelength, a fluorescence enhancement can be
obtained.

In spite of these well-developed mechanisms, the rapid development of
nanotechnology has produced various new types of metallic nanostructures. These
generate a number of new effects of metallic nanomaterials on dye molecular
properties, especially the dimensional effects of metallic nanostructures on
fluorescence intensity. For instance, in addition to the observation of fluorescence
enhancement, a quenching effect was detected by some research groups in the

presence of metal nanoparticles. Therefore, the design of new types of metal-dye
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nanocomposites may provide useful models for better understanding of the geometric
and dimensional effects of metallic nanostructures on fluorescent molecular
properties.

In this work, we have developed a new fluorescent metallic nanocomposite
for the solution-based MEF. Gold nanoparticles (AuNPs) were chosen based on their
high stability and well-studied surface chemistry. This nanocomposite was comprised
of an AuNP core, a PVP layer, a silica-spacer shell of variable thicknesses, and a dye
molecule-doped silica shell. 5-(and-6)-carboxytetramethylrhodamine-succinimidyl
ester (TAMRA-SE) was chosen as the dye molecule because it is one of the most
common labeling reagents and its emission and excitation spectra overlap with the
absorption of AuNPs. Moreover, the dimensional effect of the metal core on the
fluorescence intensity of dye molecules was studied. It is expected that this study may

shed light on how to design metal-enhanced nanostructures with desired properties.

2. Experimental Section

2.1. Chemicals and Instruments.

Tetraethylorthosilicate (TEOS, 98%) was purchased from Aldrich.
Ammonium hydroxide (28.0% — 30.0%), L-ascorbic acid (99.6%), and ethanol were
obtained from Fisher Scientific Co. Sodium citrate (NasCt), gold(lll) chloride
trihydrate (auric acid, HAuCI;-3H,0, 99.9+%), polyvinylpyrrolidone (PVP-10,
average molecular weight of 10 kg/mol), and poly-I-lysine (PLL) solution (0.1% w/v,
in water) were purchased from Sigma-Aldrich Inc.
carboxytetramethylrhodamine-succinimidyl ester (TAMRA-SE) was purchased from
Molecular Probes. Deionized water (Millipore Milli-Q grade) with resistivity of 18.2

MQ-cm was used in all experiments.
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A Hitachi 7500 transmission electron microscope (TEM) was used to take the images
of the developed nanomaterials. A Shimadzu UV-250 PC UV-vis spectrophotometer
was used to measure the absorption of samples. A Jobin Yvon Horiba Fluorolog
spectrofluorometer was employed for fluorescence intensity measurements.

2.2. Synthesis of AUNPs.

AuNPs with various sizes were synthesized according to the standard NazCt
reduction method by changing the molar ratio ofNasCtto auric acid (NasCt:HAuUCI,).
In a typical synthesis of 13.7 nm AuNPs, 1.0 mL of 0.25 mM HAuCl, was added to
100.0 mL water. Then, the solution was heated to the boiling point while being stirred.
A freshly prepared 4.0 mL of 1.0% NasCt was immediately added into the boiling
solution and kept heated until the color changed to wine red, indicating the reaction
was completed. Different sizes of AuNPs were obtained by varying the concentration
of NasCt at a fixed HAuCl, concentration.

2.3. Synthesis of the Spacer on the AuNPs.

Asilica layer was formed on the AuNP surface as a spacer. The silica coating
involved two steps: the adsorption of PVP on the surface of AuNPs and the growth of
the silica shell using the Stéber method.” The amount of PVP was adjusted based on
the size of AuNPs. In the case of coating silica on 13.7 nm AuNPs, 1.0 mL of 0.05 M
PVP solution was first mixed with 5.0 mL of 23 nM AuNPs under gentle stirring
overnight. After removing the excess PVP by centrifugation, 50.0 mL of 99.0%
ethanol, 20 puL of 98.0% TEQS, and 2.5 mL of NH,OH (28.0% — 30.0%) were added
into the PVP-adsorbed AuNP solution. The solution was continuously stirred for 50
min. The thickness of the silica shell was controlled by varying the reaction time or

the amount of TEOS.
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2.4. Formation of Dye-PLL Complex.

The dye molecules were first linked to PLL to form a dye-PLL complex
before doping them into the nanocomposites. An aliquot of 2 pL of 10.0 mg/mL
TAMRA-SE in DMSO was added into 1.0 mL of 0.1% PLL. After overnight reaction
at room temperature, the dye molecules conjugated with PLL and were ready to be
doped into the silica matrix. A final ratio of NH, to TAMRA-SE was 200:1.

2.5. Doping Dye-PLL Complex.

The second silica layer was formed outside the silica spacer using the Stober
method. During the formation of this silica layer, the dye-PLL complexes were doped
into the silica shell. In this process, an aliquot of 1.0 mL of previously synthesized
silica-coated AuNPs was added into 10.0 mL of EtOH, followed by adding 0.5 mL of
NH4OH (28.0% — 30.0%), 5 pL of 98.0% TEQS, and 10 pL of TAMRA-SE-PLL. The
solution was stirred in the dark for 3 h.

2.6. Release Dye Molecules from the Nanocomposites.

The silica matrix can be dissolved in a high concentration of NaOH. In a
typical experiment, 0.5 mL of 0.4 M NaOH was added into 2.5 mL of dye-doped
AuUNPs. After stirring for overnight, the nanocomposites were eroded and the bare
AuUNPs (no citrate ion on the surface) were removed by multiple centrifugations. Then,
the dye molecules were released into the supernatant.

3. Results and Discussion
3.1. Design of the Nanocomposite.

The design of the nanocomposite is shown in Scheme 2. A AuNP was
selected as the core of the nanocomposite to enhance the fluorescence intensity of dye
molecules (Scheme 2a). However, fluorescence energy transfer could occur and thus

quench the fluorescence signal of dye molecules if the distance between the dye
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molecules and the AuNP is too close. Therefore, a spacer is needed to adjust this
distance. Asilica layer was selected to perform as the spacer (Scheme 2b). In addition,
a silica layer on the AuNP can protect AuNPs from aggregation. However, the
formation of the spacer on the AuNP was a challenge. To realize this work, a thin
layer of PVP — which assisted in the coating of the silica layer — was first coated on
the AuNP. The dye molecules were conjugated to PLL prior to doping the dyes into
the 2" silica layer of the nancomposite. This conjugation can prevent the leaking of

dye molecules.

Fluorescence Inlensity

——

Wavelength (nm)

Scheme 2. Schematic illustration of the metal-enhanced fluorescent nanocomposite. (a)
A AuNP as a metal core; (b) a silica shell with varied thicknesses coated on the AuNP
after the adsorption of the PVP on the surface of AuNP; (c) dye molecules doped
during the formation of the second silica layer; (d) the demonstration of the
fluorescence enhancement by measuring the fluorescence intensity of the
nanocomposites with (top curve) and without the metal core (bottom curve). (red
sphere) TAMRA-SE-PLL; (yellow sphere) AuNP; (gray sphere) silica layer.

3.2. Matching Spectra of the Dye Molecules with AuNPs.

To enhance the fluorescence intensity of dye molecules by the metal, it is
necessary to have overlap of the metal absorption spectrum with the dye molecule
excitation spectrum. The AuNP absorption peak is varied based on the size and shape
of the nanoparticles. To fit the objective of this work, it is better to employ different
sized AuNPs with similar absorption spectrum. Thus, when studying the size effect of

the AuNPs on the fluorescence enhancement, the effect of absorption spectra could be
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eliminated. In this work, AuNPs were prepared using the citrate reduction method,’
which is the most popular and controllable method for synthesizing AuNPs. Different
sizes of AUNPs were obtained via adjusting the ratio of NazCt to HAuCl,.

In this work, three different sizes of AuNPs were prepared, 33.6 £ 4.3 nm,
19.7 £ 2.2 nm, and 13.7 £ 1.3 nm. These nanoparticles were obtained by adding
different amounts of 1% NasCt (1.5, 2.5, and 4.0 mL) with fixed amount of 1%
HAUCI,4 (1.0 mL). The smallest size was obtained by adding 4.0 mL NasCt, while 1.5
mL was used to obtain the biggest size. These AuNPs were very stable and
well-dispersed in an aqueous solution for a long period of time without aggregation
(Figure 13, a — c). Here, the monodispersity of the AuNPs benefited from the
negatively charged citrate ions on the surface of AuNPs, which provided strong
electrostatic repulsion among AuNPs.

The size difference among these three AuNPs was not big enough to cause
significant difference in their absorption peaks (Figure 13d, curves 1, 2, 3). A
TAMRA-SE dye molecule with an emission wavelength in the red end of the visible
range was selected. This emission range is suitable for fluorescence measurements of
biological samples. The excitation and emission spectra of TAMRA-SE are shown in
Figure 13d (curve 4 and 5). The excitation peak significantly overlaps with the

absorption spectra of the three sizes of AuNPs, as desired.
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Figure 13. (a — ¢) TEM images of different sized AuNPs; (d) spectra of different sized
AuUNPs (curves 1 — 3) and TAMRA-SE. (curve 4: fluorescence excitation spectrum,
curve 5: fluorescence emission spectrum). Aex = 540 nm with a slit width of 5 nm.

3.3. Formation of the Spacer in the Nanocomposite.

To achieve the fluorescence enhancement, a suitable distance between the
metal nanoparticle and dye molecules is crucial. Thus, in the fabrication of the
nanocomposite, the selection of an appropriate material to make a spacer is important.
Zhang et al. found ~ 90-fold fluorescence enhancement by doping dye molecules into
a ZnO nanomatrix.2® DNA sequences were also applied as the spacer to adjust the
distance between dye molecules and the metal core.®* However, DNA spacers require

strict experimental conditions, such as pH and temperature. In this work, we chose to
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use a silica layer as the spacer. Several unique properties make silica an excellent
spacer material, including well-established surface chemistry, low toxicity, good
transparency, and thermal stability. The silica surface can be modified with suitable
functional groups, such as thiol, carboxyl, and amine groups, which are very useful
for further linking biomolecules (e.g., antibodies, DNA).

The formation of silica layer was obtained using the Stéber method that
needs an organic medium. However, under such a condition, AUNPs become unstable,
making it difficult to directly coat the silica layer on the AuNP surface. The color of
monodispersed citrate ion-protected AuNPs immediately turned from red to dark blue
in the organic solvent, indicating the aggregation of AuNPs.

To solve this problem, an amphiphilic nonionic polymer, PVP, was employed
as a coupling agent. Our previous work had shown that the PVP can be easily
adsorbed on the surface of AuNPs and had no effect on the subsequent formation of
the silica layer. It was also reported that the amount of PVP was critical. To achieve
successful silica coating on the gold surface, one AuNP should have about 60 PVP
molecules per nm? of surface area.”® A deficiency in applying PVP resulted in no or
partial silica coating on AuNPs. To ensure the amount of PVP is sufficient, excess
PVP was used and the unreacted PVP was removed by centrifugation. Afterwards, a
uniform silica layer was formed on the AuNP surface (Figure 14 a —f).

Different thicknesses of silica shell were obtained by varying the reaction
time, the amount of TEOS, or a combination of these two factors. The three different
sized PVP-stabilized AuNPs were added to the Stéber solution separately as described
in Section 2.3. The ratio of EtOH: H,0: NH4OH in the Stober solution affected the
results as well. The best ratio of EtOH: H,O: NH,OH was found to be 10: 1: 0.5. For

the 33.6 + 4.3 nm AuNPs, the layer thickness of 16.3 = 3.4 nm and 24.1 + 3.3 nm
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were obtained by adding 20 pL TEOS with 3 h reaction time and 35 pL TEOS with
4.5 h reaction time, respectively (Figure 14a and b). For the 19.7 £ 2.2 nm AuNPs, by
adding 30 pL TEOS with 2 h reaction time or 40 uL TEOS with 4 h reaction time, a
silica layer of 20.5 = 3.2 nm or 32.6 + 5.1 nm were obtained, respectively (Figure 14c
and d); and for the 13.7 £ 1.3 nm AuNPs, the silica layer thickness of 18.9 = 3.4 nm
and 25.6 £ 3.3 nm were obtained, respectively (Figure 14e and f). The absorption
spectra of silica coated AuNPs had a red shift. This red shift has been attributed to the
dielectric environment changes upon the addition of a silica shell. Varying the
reaction time below 4 hours would also produce different thicknesses of silica layer.

However, when the time was longer than 5 hours, the layer became less homogeneous,

loosened and disintegrated.

Figure 14. TEM images of silica coated AuNPs. (a —b) 33.6 + 4.3 nm AuNPs with the
silica layer of 16.3 £ 3.4 nm and 24.1 + 3.3 nm, respectively; (c —d) 19.7 £ 2.2 nm
AUNPs with the silica layer of 20.5 £ 3.2nm and 32.6 £ 5.1 nm, respectively; (e — f)
13.7 £ 1.3 nm AuNPs with the silica layer of 18.9 + 3.4nm and 25.6 + 3.3nm,
respectively.
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3.4. Conjugate of TAMRA-SE with PLL.

Covalent binding and electrostatic interaction are the most popular methods
to dope dye molecules into a silica matrix. Electrostatic interaction is a relatively
weak association force compared to covalent bonds. Its advantage is simplicity. The
dye used was positively charged TAMRA-SE that can be directly doped into the silica
matrix based on the electrostatic interaction. In order to increase the doping efficiency
and reduce the leakage of dye molecules, TAMRA-SE was conjugated with PLL
(Figure 15). PLL is a relatively big molecule and commonly used in biological
research as a block copolymer with PEG. The amine groups on the PLL can react with
the succinimidyl ester on the TAMRA-SE to form a complex of TAMRA-SE-PLL.
The complex increased the size of the doped dye and thus reduced the leakage of dye
molecules from the nanocomposite. Furthermore, by controlling the ratio of PLL to
TAMRA-SE, the distance among dye molecules and the self-quenching of dye

molecules could be controlled.
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c. Conjugate of TAMRA-SE with PLL.
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TAMRA-SE
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d. schematic diagram of the TAMRA-SE-PLL conjugate.

Figure 15. Conjugation of TAMRA-SE with PLL. a) Molecular structure of
TAMRA-SE, b) molecular structure of PLL, c) conjugate of TAMRA-SE-PLL, d)
schematic diagram of the TAMRA-SE-PLL conjugate.

The TAMRA-SE-PLL conjugates were then used to form the nanocomposites.
The previously obtained core-shell AuNP-silica nanoparticles were placed in the
Stober solution along with the TAMRA-SE-PLL conjugates. When the second layer
of silica was formed, the dye conjugates were simultaneously doped into this layer.
The nanocomposites were eventually formed. Although the two silica layers were

formed sequentially, they appeared homogeneous and the junction of the two layers

was difficult to identify (Figure 16).

Figure 16. Two sequentially formed silica shells on 13.7 nm-AuNPs.

3.5. pH Effect on the Fluorescence Intensity of TAMRA-SE-PLL Conjugates.

The capability of the fluorescence enhancement of the developed
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nanocomposites should be investigated with a number of reasonable control
experiments. To accurately measure the amount of dye molecules doped into the
nanoparticles, the doped dye-PLL conjugates were released. The removal of AuNPs
was accomplished by eroding the silica shell with NaOH and separating the AuNPs by
centrifugation. The addition of NaOH affected the solution pH which may affect the
fluorescence intensity of TAMRA-SE-PLL as well. Therefore, it was necessary to
study the pH effect on TAMRA-SE-PLL.

The measurement of fluorescence intensities of the same amount of
TAMRA-SE-PLL in different pH solutions is shown in Figure 17. The pH values
ranged from 4 to 11, which covered the whole spectrum pH of our experiments. The
results showed that the fluorescence intensity of TAMRA-SE-PLL was constant in the

range of pH 4 -11.
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Figure 17. pH effect on the fluorescence intensity of TAMRA-SE-PLL.

3.6. TAMRA-SE-PLL Adsorption Effect.
Pure AuNPs are good quenchers for many dye molecules due to the resonant
energy transfer from the dye molecules to the AuNPs. To confirm this phenomenon,

the freshly prepared AuNPs were added into the TAMRA-SE-PLL conjugate solution.
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Afterwards, the fluorescence intensity of mixture was measured as shown in Figure
18. Without the AuNPs the fluorescence intensity of the TAMRA-SE-PLL was
measured and normalized as 1 (Figure 18, curve a). Comparing curve a to curves b, ¢
and d, where different sized AuNPs were used, it is obvious that the fluorescence of
TAMRA-SE-PLL was quenched in the presence of AuNPs. We have calculated the
percentage of the quenched fluorescence intensity with the different sized gold
nanoparticles. The results showed that in the presence of 13 nm, 20 nm, and 34 nm
AUNPs, 95.4% + 1.7%, 98.6% * 0.2%, and 98.2% + 0.2% of fluorescence intensities
were quenched. The difference between 13 nm and 20 nm is 3.2%, and the difference
between the 13 nm and 34 nm is 2.8%. The differences may be due to the differences
in their effective surface areas. In our experiments, the TAMRA were not used as free
dye molecules but were conjugated to Poly-L-Lysine, resulting in a larger size.
Therefore, although the 13 nm AuNPs has a larger surface area than those of 20 nm
and 34 nm AuNPs, the effective surface area that can contact with TAMRA-SE-PLL

may be that large, leading to a relative low quenching efficiency.
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Figure 18. Fluorescence intensity of TAMRA-SE-PLL with and without AuNPs.
Curve a). 1 pL of 0.04 mM TAMRA-SE-PLL was added into 3.0 mL PB buffer
solution (pH 7.4). Curve b — d). 1 pL of 0.04 mM TAMRA-SE-PLL and 0.3 mL of
different sized freshly prepared AuNPs were added into 2.7 mL PB buffer solution.
Excitation: 540 nm; Emission range: 550 — 650 nm; slit: 5 nm. Inset: fluorescence
spectra of TAMRA-SE-PLL with different sizes of AUNPs.

In the process of silica shell erosion, the dye molecules were dispersed in the
solution instead of remaining entrapped in the silica matrix. Although the AuNPs were
removed by centrifugation, the released dye molecules might be physically adsorbed
on the AuNPs and thus be removed along with the AuNPs. To investigate this
adsorption possibility, an aliquot of 0.5 mL of 0.4 M NaOH was added into the
silica-coated AuNP solutions with free TAMRA-SE-PLL. After overnight stirring and
the centrifugation, the fluorescence intensity of supernatant was detected. For the

control experiment, TAMRA-SE-PLL was added into water and the fluorescence

intensity was measured. The results are shown in Figure 19.
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Figure 19. Fluorescence intensity of released TAMRA-SE-PLL from the silica matrix.
Sample 1: 1 pL of 0.04 mM TAMRA-SE-PLL was added in 3.0 mL PB buffer; sample
2 — 4 are silica coated on different sized AuNP core cores. The reaction condition: 1
pL of 0.04 mM TAMRA-SE-PLL, 2.5 mL of silica coated AuNPs, and 0.5 mL of 0.4
M NaOH were mixed together and stirred for 24 h in dark. The fluorescence intensity
of supernatant was measured after centrifugation to remove the AuNPs. Excitation:
540 nm; Emission range: 550 — 650 nm; slit: 5 nm.

The student t-test showed that the fluorescence intensity of four samples in
Figure 19 had no significant difference. This is probably due to the removal of
negative charges on the surface of AuNPs. AuNPs were monodispersed when they
were first synthesized due to the presence of citrate ion. However, if the positively
charged TAMRA-SE-PLL is added, it will directly adsorb on the AuNPs. As a result,
the fluorescence of TAMRA-SE-PLL is quenched. When the AuNPs went through
silica coating, dye doping, and silica erosion, the final AuNPs lost the protection from

citrate ions, which made AuNPs aggregate easily and thus became difficult to adsorb

dye molecules (Figure 20).
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Figure 20. TEM image of the aggregated AuNPs after the silica layer erosion.
3.7. MEF in the Nanocomposite.

The fluorescence enhancement was first investigated using the
nanocomposites with a 13.7 + 1.3 nm AuNP core. The effect of the distance between
the dye molecules and the metal cores on the fluorescence enhancement was studied.
This distance was defined as the distance from the junction between two silica layers
to the edge of AuNPs, that is, the thickness of the spacer.

The enhancement was characterized using fluorescence enhancement factor,
F  (F=lhanocomposite/ lreleased TAMRA,  lnanocomposite 1S the  fluorescence intensity of
dye-doped nanocomposites; lreeases TAMRA is the fluorescence intensity of released
TAMRA-SE-PLL without the metal core). In our previous study it was observed that
the fluorescence quantum yield of the doped dye molecules would be affected by the
surroundings. Therefore, to avoid the significant quantum yield changes, in this study
the experimental conditions were chosen to minimize the changes of fluorescence
quantum yield of dye molecules. Figure 21 shows that when the 17.6 nm spacer was
used, the fluorescence was enhanced by 3.2 times. When the size of the spacer
increased to 19.2 nm, the fluorescence intensity was increased by 4.8. When the
spacer size was further increased to 36.6 nm, the fluorescence intensity was increased

by 9.2 times. At this point, it is difficult to continue to increase the spacer size due to
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the limitation of the experimental conditions. The above results showed that the
designed nanocomposites can obviously enhance the fluorescence intensity of the

encapsulated dye molecules.

12 1

10 1

Fluorescence Enhanced Factor

0 17.6+3.6 19.2+39 36.6+4.4

Spacer thickness (nm)
Figure 21. Distance dependent fluorescence enhancement of the TAMRA-SE-PLL
using the 13.7 £ 1.3 nm AuNP core.

To further confirm this result, the two nanocomposites containing
larger-sized AuNP cores were employed. The first one was the 19.7 nm-AuNP core
with three different sized spacers. Compared to the results from the 13.7 £ 1.3 nm
AUNP core in Figure 21, when similar spacer sizes were applied, all three
enhancement factors were smaller (Table 1). This phenomenon was further confirmed
when the largest size of 33.6 nm-AuNP was used as the core. For instance, with a
similar spacer thickness of 36 nm, the fluorescence was only enhanced by 3.2 times;
this was 3 times less than the enhancement obtained from the smaller sized AuNP of

13.7 nm.
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Table 1. Distance dependent fluorescence enhancement

AUNP core size (nm) 13.7+1.3

Spacer thickness (nm) 0 176x+36 19.2+39 36644
Fluorescence enhancement factor 0.7 3.2 4.8 9.2
AUNP core size (nm) 19.7+2.2

Spacer thickness (nm) 0 143%x31 224%x41 285%5.0
Fluorescence enhancement factor 0.4 1.5 3.3 6.0
AUNP core size (nm) 33.6+7.6

Spacer thickness (nm) 0 170%x14 241+33 357%7.6
Fluorescence enhancement factor 0.3 1.9 2.4 3.2

The above results showed that the distance between TAMRA-SE-PLL dye
molecules and the AuNP could significantly affect the extent of the fluorescence
enhancement at the nanoscale. Within the 36 nm range, the fluorescence enhancement
increased as the distance became larger; in contrast to the fluorescence quenching
when no silica spacer was employed. The largest enhancement factor was found to be
9.2 at a fluorophore-metal distance of 36.6 nm using the smallest size of AuNP core
(13.7 £ 1.3 nm). Therefore, the fluorescence intensity depended not only on the metal
core size but also on the distance between the metal core and the dye molecules. The
three spacer sizes are all larger than the fluorescence energy transfer effect distance of
10 nm. The detailed mechanism is being studied. It is expected that the designed
metal-dye nanocomposites may provide a useful model for better understanding of the
geometric and dimensional effects of metallic nanostructures on the fluorescent
molecular properties.

4. Conclusions

In  conclusion, the dye-doped, metal-silica core-shell fluorescent
nanocomposites were synthesized to study the MEF phenomenon. The nanocomposite
is a promising model to study the interactions between the metal core and the dye

molecules. The formation of the silica shell adjusted the spacer thickness to the
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optimal distance where the maximum fluorescence enhancement can occur. A spacer
thickness ranging from 14.3 nm to 36.6 nm was applied in this work and the
fluorescence enhancement was observed in all developed nanocomposites. The
fluorescence quenching effect was obvious when no spacer was used, indicating the
importance of the distance between the dye molecules and the metal cores. The largest
fluorescence enhancement of ~9-fold was observed by applying 13.7 £ 1.3 nm AuNP

as the metal core with a 36.6 + 4.4 nm silica spacer.
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CHAPTER IlI

HIGHLY SENSITIVE PROTEIN ASSAY USING GOLD
NANOPARTICLES-DECORATED SILICA NANORODS

1. Introduction
Sensitive detection of proteins is of tremendous interest for a broad range of
applications such as clinical diagnosis, food safety, and environmental analysis.®®® A

variety strategies and techniques have been developed for the detection of proteins,

including enzyme-linked immunosorbent assay (ELISA), western blot, agarose and
polyacrylamide gel electrophoresis, and immunosensors in connection with various

transducers.®”® The sensitivities of the assays were further enhanced by the use of

nanomaterials (nanoparticles, nanowires and nanotubes)®®®°

and novel signal
amplification approaches.’®*® However, most of the nanomaterial-based signal
amplification methods generally involved in a time-consuming detection process or
using advanced laboratory equipment. Lateral flow immunoassay (LFI), also called
immunochromatographic assay, have been studied extensively for different
applications, such as pregnancy tests, detections of cancer biomarkers, infectious

104-105

agents, biowarfare agents and toxic compounds. In a typical LFI, the

antibody-modified marco-/nano- particles move along the strip with the analytes
driven by capillary force, and are eventually captured by the pre-immobilized
antibodies in the test zone. The captured marco-/nano-particles, which are
proportional to the target concentrations, can be determined by observing the color

changes of test band or recording the fluorescence, electrical or magnetic signals with

106-107

appropriate  transducers. gold nanoparticles  (AuNPs),'®*%  carbon

112-114 115

nanoparticles,™! quantum dots and Fe;O, nanoparticles,™* etc., have been used

as labels for the development of LFIs. Although the fluorescent-, magnetic- and

43



electrical-LFIs offered high sensitivity, the requirement of the instrumentation and
skilled personnel limit its point-of-care or in-field applications.

Among the aforementioned colored particles for visual detection with LFI,
AUNPs are the most applicable materials due to its unique optical properties (plasma
absorption), remarkable chemical stability, and easy surface modification. The
AuNP-based LFI have been applied for the qualitative, semi-quantitative/quantitative
detection of proteins,™® metal ions,**” and natural toxins.**® However, the detection of
extremely low concentration of proteins is limited by its low sensitivity. Therefore, it
is highly desirable to develop highly sensitive LFI for visual detection of proteins.

Recently, great efforts have been made to improve the sensitivity of the
AuUNP-based LFIs by using dual-labeling method. Choi et al. reported a dual AUNP
conjugate-based lateral flow assay method for the analysis of troponin I.**° The first
AUNP conjugate was allowed to be immobilized with an antibody against Troponin |
for the purpose of the sandwich assay contained in atypical LFI system. The second
AuUNP conjugate was designed to bind only with the first AUNP conjugate with a
higher size. The detection sensitivity increased about a 100-fold compared to the
conventional LFI. Chen et al. reported a sensitivity enhanced LFI based on the same
concept using different-sized AuNPs for the visual detection of bisphenol A.*?® The
LOD of the LFI was lowered 10 times compared the traditional AuNP-based assay.
He et al. reported an ultrasensitive nucleic acid biosensor (NAB) based on horseradish

peroxidase (HRP) - gold nanoparticle (AuNP) dual labels and lateral flow strip

biosensor (LFSB).?* Deposition of insoluble enzymatic catalytic product (red colored
chromogen) on the captured AuNPs at the test zone of LFSB offered a dramatic visual
enhancement. Combining enzyme catalytic amplification with unique optical

properties of AuNPs, the NAB was capable of detecting of 0.01 pM target DNA
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without instrumentation. Tang et al. found that on the use of magnetic AuNP labels
lowered the detection limit 3-folds for the detection of aflatoxin B, compared to a
conventional immunodipstick test using AuNPs as colored reagent.*??

In this work, we report an ultrasensitive protein assay using a gold
nanoparticle-decorated silica nanorod (AuNPs-SiNRs) label and lateral flow strip
biosensor. Silica-based nanomaterials (nanoparticles, nanowire and nanorods) have
attracted considerable interests in biomedical research owing to their unique
properties, such as inertness, high payload capacity, biocompatibility, and great
surface-modification.'”® The silica-based nanomaterials have been applied for the
development of high sensitive biosensors and bioassays.****?’ Inspired by the signal
amplification methods, silica nanorods were chosen as a matrix to make a
AuUNPs-SINRs hybrid. A large number of AuNPs on one single SiNR provided
visualized dark purple color that was much darker than the pure AuNPs solution. The
nanohybrid was used as a colored reagent instead of AuNP in LFI. Rabbit 1gG was
used as a model target to demonstrate the proof-of-concept. Under optimal conditions,
a detection limit of 0.01 ng mL™ (10 pg mL™) was obtained, which is almost 50-fold
lower than that of AuNPs-based LFL'?® The promising properties of the
AuNPs-SiNRs-based LFI are reported in the following sections.

2. Experimental Section
2.1. Apparatus.

A Hitachi SU8010 field scanning electron microscope (SEM) (Japan) was
used to take images of the developed nanocomposites. The elemental analysis was
obtained by performing energy-dispersive X-ray spectroscopic (EDS) measurements
(Oxford X-Max, MA, USA), which is attached to the Hitachi SU8010 field emission

SEM. A Shimadzu UV-vis spectroscopy (MD, USA) was used to obtain the
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absorption spectra of the nanomaterials. Airjet AJQ 3000 dispenser, Biojet BJQ 3000
dispenser, Clamshell Laminator and the Guillotine cutting module CM 4000
purchased from Biodot LTD (CA, USA) were used to prepare lateral flow strips. A
portable strip reader DT1030 (Shanghai Goldbio Tech. Co., Shanghai, China) was
used for signal recording.
2.2. Materials.

Tetraethylorthosilicate (TEOS, 98%) was purchased from Acros Organics
(NJ, USA).Sodium citrate (NasCt), gold (Ill) chloride trihydrate (HAuCl,-3H0,
99.9+%), hydroxylamine hydrochloride (98%, ACS grade), sodium borohydride
(NaBHg, > 98%), NasPO4*12H,0, sucrose, Tween 20, Triton X-100, phosphate buffer
saline (PBS, pH 7.4, 0.01 M), phosphate buffer saline with 0.05% Tween 20 (PBST),
and bovine serum albumin (BSA) were purchased from Sigma Aldrich Inc (St.Louis,
MO, USA). Ammonium hydroxide (NH,OH, 28.0% — 30.0%), potassium carbonate
(K2C03-1.5 H,0, ACS grade) and ethanol (95%) were obtained from Fisher Scientific
Co (Pittsburgh, PA, USA). Polyvinylpyrrolidone molecule (PVP, average molecular
weight M, = 40,000) and 1-pentanol (99+%, ACS grade) were purchased from Alfa
Aesar (Ward Hill, MA, USA). Rabbit IgG, goat anti-rabbit 1IgG (Ab;), mouse anti-goat
IgG (Ab,) were obtained from Thermo Scientific (Rockford, IL, USA). Glass fibers
(GFCP000800), cellulose fiber sample pads (CFSP001700), laminated cards
(HFOOOMC100) and nitrocellulose membranes (HFB18004) were provided by
Millipore (Billerica, MA, USA). All chemicals were analytical reagent grade unless
specified. All buffer solutions were prepared using ultrapure water (18 MQ-cm) from
a Millipore Milli-Q water purification system.
2.3. Preparation of Silica Nanorods (SiNRS).

A one-step synthetic method was used to prepare SiNRs. In a typical
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synthetic procedure, a total of 3.00 g PVP was added to 30.00 mL of 1-pentanol. The
mixture was sonicated for 30 min to obtain a well-mixed PVVP/pentanol solution. Then,
3.00 mL of 95% ethanol, 0.84 mL of H,0, and 0.20 mL of 0.17 M NazCt were added
into the PVP/pentanol mixture followed by hand-shaking for a few seconds.
Following the addition of 0.30 mL of TEOS and 0.50 mL of NH,OH the reaction was
allowed to proceed overnight at room temperature. The SiNRs were collected by
centrifuging at 11,000 rpm for 30 min and removing the supernatant. The collected
SiNRs were washed three times with ethanol and dried in the oven at 100 °C.

2.4. Preparation of Gold Seeds.

Typically, 4.00 mL of 1% HAuCI, solutions was added into 100.00 mL H,O
in an ice bath, followed the addition of 0.50 mL of 0.20 M K,COj3 to reduce Au(lll) to
Au(l). Stir for 10 min until the solution changed its color from yellow to light yellow
or colorless. Then, a total amount of 1.00 mL of freshly prepared NaBH, (0.50 mg/mL)
was slowly added. The formation of reddish solution indicated the successful
synthesis of gold seeds.

2.5. Preparation of Gold Nanoparticles-Decorated Silica Nanorods (AuNPs-SINRS).

The AuNPs-SiNRs were prepared according to the reported methods with
slight modifications.** A aliquot of 1.00 mL of 10.00 mg/mL SiNW solution was
added into 40.00 mL gold seeds solution and the mixture was stirred vigorously for 20
min. Surplus gold seeds were removed by centrifugation at a speed of 6,500 rpm for
15 min. The obtained reddish precipitate was gold seed-decorated SiNRs and was
re-dispersed in 10.00 mL water. In the gold shell growth process, 4.00 mL of 1%
HAUCI, solution and 0.025 g of K,CO3; were added in 90.00 mL water. The mixture
was under stirring until it turned to light yellow or colorless. Then, 10.00 mL of gold

seeds-decorated SiNWs solution, 1.00 mL of 0.5 M hydroxylamine hydrochloride,
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and 1.00 g PVP were sequentially added into the growth solution. After overnight
reaction, the solution was centrifuged at a speed of 6,500 rpm for 15 min and washed
3 times by water. The size of AuNPs that decorated on the surface of SINWSs can be
adjusted by adding different amounts of 1% HAuCl,4 (0, 2, 4, or 6 mL).

2.6. Preparation of AUNP-SINRs-Ab; Conjugates.

Initially, 0.01 mg of Ab; was mixed with 1.00 mL of AuNPs-SINRs (pH 9.0)
followed by gentle shaking for 1 h at room temperature. Then 0.10 mL of 10.0 wt%
BSA was added with a final concentration of 1.00 wt% and incubated for 30 min. The
mixture was further washed with PBS (1% BSA) and centrifuged at 6,000 rpm for 5
min to remove washing liquid. Finally, the as-prepared AuNPs-SiNRs-Ab; conjugates
were collected and suspended in 1.00 mL of eluent buffer containing 20.00 mM
NasPO4¢12H,0, 0.25% Tween 20, 10% sucrose and 5% BSA.

2.7. Preparation of AUNPs-Ab; Conjugates.

AuUNPs with a diameter of 15 & 3.5 nm were prepared on the basis of a

literature procedure.®® Then, 0.01 mg of Ab; was added into 1.0 mL of 5-fold
concentrated AuNPs (pH 9.0). The mixture was gently incubated for 1 h, and blocked
by 0.1 mL of 10 wt% BSA for 30 min. The obtained solution was centrifuged at
12,000 rpm for 18 min, and the nanoparticles were washed with PBS (1% BSA) three
times. The resulting ruby sediments were dispensed in 1.0 mL of buffer containing 20
mM NazPO4+12H,0, 0.25% Tween 20, 10% sucrose and 5% BSA.
2.8. Preparation of the Lateral-Flow Strip Biosensor (LFSB).

The LFSB consisted of the following components: a sample-application pad,
a conjugate pad, a nitrocellulose membrane, and an absorption pad. Both the
sample-application pad and the absorption pad were made from cellulose fiber. The

sample-application pad (17 mm x 30 cm) was soaked in a buffer (pH 8.0) containing
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0.25% Triton X-100, 0.05 M Tris-HCI, and 0.15mM NaCl. Then, the sample pad was
dried at 37 °C in the oven and stored in desiccators at room temperature. Ab;, with a
concentration of 1.20 mg mL™, and Ab, (0.85 mg mL™) were dispensed at different
locations of the nitrocellulose membrane (25 mm x 30 mm)to form the test line and
the control line by using a Biojet BJQ 3000 dispenser. The nitrocellulose membrane
was then dried in the oven at 37 °C for 1 h. Finally, all the parts were assembled on a
plastic, adhesive backing layer (typically an inert plastic, e.g., polyester) using the
Clamshell Laminator. Each part overlapped 2 mm to ensure that the solution migrated
through the biosensor during the assay. The LFSB with a 3-mm width was cut with
the Guillotin cutting-module CM 4000.The AuNPs-SiNR-Ab; conjugates were
dropped on the conjugate pad using a pipet before each test.

2.9. Detection Procedure.

The assay was performed by dipping the LFSB in a 1.50-mL microcentrifuge
tube containing the desired concentration of rabbit IgG in 0.10 mL of running buffer
(PBST with 1% BSA). The test and control zones could be evaluated visually within
20 min. The intensities of the test line and the control line were measured using a strip

reader, and the results were further analyzed using the Gold Bio strip-reader software.

3. Results and Discussion
3.1.AuNPs-Decorated SiNRs as Colored Reagents in the LFSB.

Various marcro-/nano-particles, including AuNPs, dye-doped polystyrene
beads, and carbon nanospheres, have been used as labels for a lateral-flow assay. The
analyte concentration is determined by observing the color change
(qualitative/semi-quantitative) of the test zone or by recording the intensities

(quantitative) of the test band. The sensitivity of the assay is affected by the number
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of captured particles per antibody-antigen binding event. Although AuNPs were most
commonly used as colored reagents, the sensitivity of AuNP-based LFSBs was not
high enough to detect trace amounts of analytes (such as protein biomarkers). The
composite nanomaterial, formed by numerous AuNPs evenly coated on a single
substrate, would be an ideal colored reagent to enhance the LFSB sensitivity. Several

130133 \were used as substrates to

materials, including carbon nanotubes and polymers,
prepare the composite nanomaterials. However, most of the composite nanomaterials
involved complicated or strict synthetic procedures. Silica-based nanomaterials
(nanoparticles, nanorods, and nanowires) have shown great promise in various fields
due to the nanomaterials’ unique physical and chemical stability as well as their
well-established surface modification.’***** In the current study, silica nanowires
(SiNWSs) and nanorods were used as substrates to coat AuNPs due to the larger
surface area per rod or wire compared to that per nanoparticle. The synthesized
AUNP-SINWs and AuNP-SiNRs were used as labels for the lateral-flow assays. The
mobility of AuNP-SiINWs was much slower than that of AuNP-SINRs on the
nitrocellulose membrane due to the large size of the SiINWs (The length of SINWS is
up to tens of micrometers, results not shown here). Therefore, we chose AUNP-SINRS,
which have a dark purple color and better mobility, as the colored reagents.

3.2. Preparation and Characteristics of AuNP-Decorated SiNRs (AuNP-SiNRS).

A two-step deposition process involving gold-seed deposition and seed
growth was used to prepare the AuNP-SINRs. SiNRs with a length varying from 3.4 —
7.0um (Figure 22A) were used as the substrate to load numerous AuNPs. Gold seeds
were deposited on the SiNR surface by simply mixing AuNP and SiNR solutions for
20 min. Figure 22B presents the typical SEM image of the gold-seed-loaded SiNRs.

One can see that the gold seeds with a diameter of 9.7 £ 1.6 nm are monodispersed on
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the SINR surface. The gold-seed-decorated SiNRs were then added to a gold growth
solution to form a uniform AuNP layer. Figure 22C shows the SEM image of
AuNP-decorated SiNRs after the AuNP growth process. A layer of AuNPs was coated
on the SINR surface, and the density of AuNPs was much higher than the
gold-seed-decorated SiNRs. To further identify the formation of the AuNP layer on
the SINR surface, element analysis was performed by the EDS technique. A strong
peak for the gold signal was observed in the EDS spectra of AuNP-SINRs, indicating
that AuNPs were successfully loaded on the SiNRs (Figure 22D). Figure 22E presents
the UV-vis absorption of the AUNP-SINR suspension, gold-seed solution, and SiNR
suspension. No UV-vis absorption (Figure 22E, a) was observed for the SiNR solution
while a typical absorption peak around 514 nm of gold-seed solution was observed
(Figure 22E, b). However, AuNP-SiNRs showed an obvious red-shifted, broader peak
with a strong absorption in the near-infrared region compared to that of the gold seeds

(Figure 22E, c).
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Figure 22. SEM images of (A) SiNRs; (B) gold seed-decorated SiNRs; (C) the
formation of GNPs layer on the surface of SiNRs; (D) a representative EDS spectra of
AUNPs-SINRs; (E) UV-vis spectra of SiNRs (a), gold seeds (b), and AuNPs-SiNRs

(©).
We studied the effect of the HAuCl, concentration in the growth solution on
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the AuNP size and coverage on the SiNR surface (Figure 23). Without the addition of
a gold precursor (HAuUCly) in the growth solution, the AuNP size (9.7 £ 1.6 nm) did
not change, and AuNPs were evenly positioned on the SiNR surface (Figure 23A). By
adding 2 mL of 1% HAuCI,, gold seeds grew to bigger AuUNPs with a size of 16.7 +
2.4 nm (Figure 23B). In the case of 4 and 6 mL of 1% HAuCI, addition to the growth
solution, SiNR surface was covered by a layer of AuNPs (Figure 23C — D). However,
a large number of free AuNPs were synthesized when 6 mL of 1% HAuUCI, solution
was added. Therefore, in the following lateral-flow immunoassay application,
AUNP-SINRs synthesized from the addition of 4 mL of 1% HAuCI, in the growth

solution were used as the color reagent.

SU8000 30.0kV 8.5mm S-x100k SE(U)

SU8000 30.0kV 8.4mm S-x100k SE(U)

Figure 23. SEM images of AuNPs-SiNRs by adding (A) 0, (B) 2, (C) 4, (D) 6 mL of 1%
HAUCI, in the gold growth solution.

3.3. AuNP-SiNR-Label Based LFSB.
The AuNP-SiNRs were, thus, used as labels to fabricate the LFSB. Rabbit
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IlgG was used as model target to demonstrate the proof-of-concept. Scheme 3
illustrates the LFSB’s configuration and measuring principle. The LFSB consisted of
a sample pad, a conjugate pad, an absorption pad, and a nitrocellulose membrane (test
line and control line, Scheme 3A). All the components were assembled on a
common-adhesive backing layer. Goat anti-rabbit 1gG Ab; was conjugated with
AUNP-SINRs, and the Ab;-AuNP-SiNR conjugates were dispensed on the conjugate
pad. Goat anti-rabbit IgG Ab; was also used as the capture antibody and was
dispensed on the test zone of the nitrocellulose membrane. Mouse anti-goat 1gG Ab,
was used as the secondary antibody and was immobilized on the control zone of the
nitrocellulose membrane, which was 2 mm behind the test zone (Scheme 3B). During
the assay, the LFSB was dipped into a test tube, and the sample solution moved up by
capillary force. The Ab;-AuNP-SiNRs conjugates were rehydrated and released from
the conjugate pad. The binding between Ab; in Ab;-AuNP-SINR conjugates and
rabbit 1gG (target) occurred, and the formed complexes (IgG-Ab;-AuNPs-SiNRS)
continued to migrate along the membrane. When reaching the test zone, the
complexes were captured by the antibody on the test zone via the second
immunoreaction, resulting in the accumulation of AuNP-SINRs on the test zone. A
dark-purple band was observed, and the color intensity of the test band was directly
proportional to the amount of analyte (IgG) in the sample solution. The solution
continued to flow until it passed through the control zone where the excess
Ab;-AuNP-SINRs conjugates were captured by the secondary antibody (anti-goat 1gG
Ab,) to produce a second dark-purple band (Scheme 3C, right). In the absence of the
target, only the band on the control zone was observed, and no band was observed in
the test zone. In this case, the band in the control zone (control line) showed that the

LFSB was working properly (Scheme 3C, left). Quantitative analysis was achieved by
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reading the test-line intensities with a portable strip reader. The more analytes
presented in the sample, the more conjugates would be captured on the test zone,

leading to the increased signal.
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Scheme 3. (A) Schematic representation of the configuration of the lateral flow strip
biosensor; (B) Reagents on the lateral flow strip biosensor; (C) Measurement

principle of the lateral flow strip biosensor in the absence and presence of analyte
(Rabbit 19G).

To confirm the signal amplification of the AUNP-SiINRs, the responses of the
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sample solutions at three concentration levels (0, 1.0, and 5.0 ng mL™ I1gG) on the
AUNP-SINR-based LFSB were compared with the AuNP-based LFSB. Figure 24
presents the photo images of the LFSBs after the completed assays. When rabbit 19G
was absent in the sample solutions, neither of the two LFSBs showed a response on
the test zones (Figure 24A). No test line could be observed from the AuNP-based
LFSB in the presence of 1.0 ng mL™ of rabbit 1gG (Figure 24B, left) while there was
a visible test line on the AUNP-SINR-based LFSB (Figure 24B, right). As shown in
Figure 24C, the intensity of the test line on the AuNP-SiNR-based LFSB in the
presence of 5.0 ng mL™ rabbit 1gG was significantly higher than that of the
AuNP-based LFSB which exhibited a very weak response. Such dramatic signal
enhancement on the AuNP-SiNR-based LFSB is mostly due to the large surface area
of the SiNRs where numerous AuNPs were loaded. The number of the captured
AUNPs per antibody-antigen binding on the GNP-SiNR-based LFSB would be much
higher than that of the AuNP-based LFSB. In addition, the antibody density on the
Ab;-AuNP-SINR conjugates would be higher than that of the Ab;-AuNP conjugates.
The immunoreaction efficiency on the AuNP-SiNR-based LFSB was, thus, higher

than that for the AuNP-based LFSB with a short assay time.
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Figure 24. Photo images of the AuNPs-based LFSBs (left) and the
AUNPs-SiNRs-based LFSBs (right) in the presence of different concentrations of
Rabbit 1gG. (A) 0 ng mL™ Rabbit IgG; (B) 1 ng mL™* Rabbit 1gG; (C) 5 ng mL™*
Rabbit 1gG.

3.4. Optimization of Experimental Parameters.

The amount of captured Ab; on the LFSB test zone affects the LFSB
response. Figure 25A presents the effect for the Ab; amount on the signal-to-noise
(S/N) ratio of the LFSB. The amount of Ab; on the test zone was determined by the
dispensing cycles of the Ab;. The S/N ratio was the highest for one dispensing cycle
of Ab; on the test zone. The decreased S/N with more dispensing cycles resulted from
the higher background signal. Therefore, one dispensing cycle was used as the
optimal condition in the following experiments.

The amount of Ab; on the AUNP-SiNRs surface affects the LFSB’s
immunoreaction efficiency and sensitivity. We optimized the Ab;concentration in the
conjugation solution. The LESB’s S/N ratio increased up to 10 pg mL™ Aby in the

conjugation solution; a further concentration increase caused a decreased S/N ratio

(Figure 25B). As a result, 10 ug mL™ of Ab; antibodies were employed to prepare the
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Ab;-AuNP-SINR conjugates in the following experiments.

The running buffer’s composition is one of the main factors in developing a
biosensor because it has a significant impact on the efficiency of antibody-antigen
binding and the elimination of nonspecific adsorption. Several buffers, including PBS
(1% BSA), PBST (1% BSA), and Tris-HCI (1% BSA), were tested, and the results are
shown in Figure 25C. The highest S/N ratio was obtained with the PBST (1% BSA)
buffer. Therefore, a PBST (1% BSA) buffer was selected for the experiments.

The band intensities depended on the Ab;-AuNP-SiNR conjugates captured
on the test and control zones which, in turn, corresponded to the amount of conjugates
on the conjugate pad. To obtain a maximum response using a minimal amount of
Ab;-AuNP-SINR conjugates, theAb;-AuNP-SiNRs on the conjugate pad were
optimized by increasing the volume of the Ab;-AuNP-SiNR conjugates loaded on the
conjugate pad. Figure 25D displays the histogram for the LFSB’s S/N ratio with an
increasing volume of conjugate solution (0.8 to 8 uL). It can be seen that the S/N ratio
increased up to 4 uL; a further volume increase caused a decreased S/N ratio. The S/N
ratio loss at a high volume may be attributed to the saturation of signal intensity and
an increased nonspecific adsorption. Therefore, 4 uL of Ab;-AuNP-SiNR conjugate

were employed as the optimal volume for the entire study.
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Figure 25. (A) Effect of dispensing cycles of Ab; on the S/N ratio of LFSB; (B) Effect
of Ab; concentration in conjugates solution on the S/N ratio of LFSB; (C) Effect of
running buffer components on the S/N ratio of LFSB; (D) Effect of the loading
volume of Ab;-AuNPs-SiNRs conjugates on the S/N ratio of LFSB. Rabbit IgG
concentration: 1 ng mL ™.

3.5. Analytical Performance.

Under optimal experimental conditions, we examined the performance of the
AUNP-SiNR-based LFSB with different concentrations of rabbit 19G. Figure 26
presents the typical photo images (right) and the corresponding optical response
recorded with a portable strip reader in the presence of different concentrations of
rabbit 1gG (0 to 2.0 ng mL™). There was no test line observed on the LFSB test zone
in the absence of rabbit 1gG (control), indicating negligible, nonspecific adsorption
under the optimized experimental condition. The test line was quite visible, even at

0.05 ng mL™* rabbit 1gG which can be used as the threshold for the visual

determination (yes/no) of rabbit IgG without instrumentation.
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Figure 26. Typical response curves and photo images of the lateral flow biosensor
with increasing Rabbit IgG concentration (0.05 — 2 ng mL™).

In addition, quantitative detection was performed by recording the peak areas of the
test bands with the aid of a portable strip reader (Figure 27).The peak area had a linear
correlation with the rabbit IgG concentration in the lower concentration range (0.05 —
2 ng mL™") as shown in the inset of Figure 27. The calibration equation was
determined to be peak value A = 188.76C + 61.908 with a correlation coefficient of
0.9941, where A and C represent the peak area and the concentration of rabbit IgG,
respectively. The detection limit was estimated to be 0.01 ng mL™ from 3 times the
standard deviation corresponding to the blank sample detection (S/N = 3), which was

50 times lower than the traditional AuNP-based LFSB.
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Figure 27. Calibration curve of the biosensor. The inset shows the linear response for
Rabbit 1gG. Each data point represents the average value obtained from three different
measurements.

3.6. Selectivity and Reproducibility.

Selectivity and reproducibility are two important parameters to evaluate a
biosensor’s performance. The selectivity of the AuUNP-SINR-based LFSB was
assessed by testing the responses of other proteins (thrombin, CEA, human I1gG, and
PDGF-BB) at 100 ng mL™, as well as the mixtures of rabbit I1gG (1 ng mL™) and the
non-target protein (100 ng mL™). Figure 28 presents the histogram of the responses
(A) and the corresponding photo images (B). Excellent selectivity for rabbit IgG, over
other proteins, was achieved. The sensitive and specific response was coupled with
high reproducibility. The reproducibility of the AuUNP-SINR-based LFSB was studied
by testing the sample solutions at different concentration levels (0, 0.5, 5, and 50 ng
mL™ of rabbit 19G). Samples from the same batch preparation and at the same
concentration level were tested 6 times with 6 different LFSBs. Similar responses
were obtained at the same concentration level. The relative standard deviations for the

signals were 1.80%, 6.63%, 3.93%, and 5.49% for 50, 5, 0.5, and 0 ng mLof rabbit

IgG, respectively, indicating an excellent reproducibility.
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Figure 28. Reproducibility study in the presence of 50, 5, 0.5, and 0 ng mL™ Rabbit
IgG. Tests were performed six times for each sample solution.
4. Conclusions

We have developed a highly sensitive lateral-flow strip biosensor (LFSB)
using AuNP-SINRs as labels. The LFSB detection limit was lowered 50 times
compared to the traditional AuNP-based lateral-flow assay. As demonstrated here, the
significance of this work is to introduce a new type of nanolabel for signal
enhancement by coupling with the lateral-flow immunoassay. In addition, the
AUNP-SINRs can be used as nanolabels for nucleic acid and other biological,
molecular detection with high sensitivity. Future work will aim to detect cancer

biomarkers (proteins and nucleic acids) in human blood or serum.
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CHAPTER IV

AU-SILICA NANOWIRE NANOHYBRID AS A HYPERTHERMIA AGENT FOR
PHOTOTHERMAL THERAPY IN THE NEAR-INFRARED REGION

1. Introduction

Core-shell nanohybrids made from a metal shell possess tunable optical
properties.” 1313 The most notable optical feature of such nanohybrids is the surface
plasmon resonance absorption. By changing the core dimensions and the shell
thickness, their plasmon resonances can be tuned continuously from ultraviolet to
infrared regions of the electromagnetic spectrum, including the near-infrared (NIR)
region.’®*% In the NIR region, light transmission in tissues is much higher than that
in the UV-vis region due to low light scattering and absorption from intrinsic
chromophores. This results in low-energy absorption of NIR light by normal tissues,
and thus limited damage to normal biological tissues while selectively killing cancer
cells.****3 Among various metal shells, gold nanoshells are of special interest due to
their inertness in biological medium, good biocompatibility, and easy
bioconjugation.***** Therefore, gold nanoshells have attracted considerate attention
in a broad range of applications, including optical communications, biological
systems for medical imaging, diagnostic and therapeutic applications, etc.*%**

A number of materials have been used for making a core of core-shell
nanohybrids.****" Recently, gold shells with various shapes of silica cores have been
successfully constructed for Raman and fluorescence signal enhancing and drug
delivery.** 137 158161 gjlica nanomaterials have shown great promise in various fields
due to their unique physical and chemical stability, large surface area, and
well-established surface modification.’®**® Moreover, the gold shell-silica core
nanohybrids with a strong NIR absorption could convert photo energy into cytotoxic

heat upon NIR laser irradiation. Thus, gold shell-silica core nanohybrids have been
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considered as hyperthermia agents for photothermal therapy (PTT).*® However, most
of these photothermolysis studies require high laser power irradiation to destroy
cancer cells. A common range of this power, 1.5 — 48.6 W/cm? %1% is higher than
the maximal permissible exposure (MPE) of skin per ANSI (American National
Standard for Safe Use of Lasers) regulation (e.g., 0.4 W/cm? at 850 nm).*"° Therefore,
the design of more efficient and safe photothermal materials is a high need.

Silica nanowires (SiINWSs) are relatively new silica nanomaterials and have
attracted great attention due to their unique physical and chemical stability and
efficient photoluminescence emission.'**”> Meanwhile, SiNWs have stimulated
considerable interests in making biological and environmental sensing devices owing
to their large surface area, high loading capacity for large molecules, excellent
reservoir characteristics, and the well-established protocols for surface modification
with bioselective coatings.'”**™* For example, Ramgir et al. applied SINW as an
effective template for the real-time detection of potential lung cancer biomarkers
(interleuking-10). Due to the high surface to volume ratio, the SiNWs greatly
enhanced the loading of a specific capture antibody toward a particular cancer antigen,
resulting in a low detection limit down to 1 fg/mL in ideal pure solution and 1 pg/mL
in clinically relevant samples.*”

In this work, SINW was used as a core to make the core-shell nanohybrid.
With the modification of numerous gold nanoparticles (AuNPs) on the surface of
SiINWs, we found that this new type of nanohybrid material had strong absorption in
the NIR region and can efficiently generate heat under NIR irradiation. Remarkably, a
much lower laser power irradiation, 0.30 W/cm?, lower than the MPE of skin, was
enough for photodestruction of cancer cells in vitro by applying the Au-SiNW

nanohybrids. The optimal conditions of the Au-SiNW nanohybrids as hyperthermia
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agents for photothermal cancer therapy were studied. Our results demonstrated that
this new nanohybrid could be a potential candidate for new photothermal materials.

2. Experimental Section
2.1. Materials and Instruments.

Tetraethylorthosilicate (TEOS, 98%) was purchased from Acros Organics.
Sodium citrate (NasCt), gold (II1) chloride trihydrate (HAuCl,-3H,0, 99.9+%),
hydroxylamine hydrochloride (98%, ACS grade), sodium borohydride (NaBH4, >
98%) were purchased from Sigma Aldrich Inc. Ammonium hydroxide (NH4OH, 28.0%
— 30.0%), potassium carbonate (K,CO3-1.5 H,O, ACS grade), dimethyl sulfoxide
(DMSO), and (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and
ethanol (95%)were obtained from Fisher Scientific Co. Polyvinylpyrrolidone
molecule (PVP, average molecular weight M,, = 40,000)and 1-pentanol (99+%, ACS
grade) were purchased from Alfa Aesar. Sodium dodecyl sulface (SDS) was
purchased from BioRAD. Dulbecco’s modified eagle medium (DMEM) was obtained
from Thermo. Human lung epithelial cells (A549 cells), SW620, and KW12C were
obtained from American Tissue Culture Collection (ATCC). A 96-nonradioactive-cell
proliferation assay (MTT) kit was purchased from Promega. Vybrant apoptosis assay
kit was obtained from Molecular Probe. Deionized water with resistivity of 18.2
MQ-cm was used in all experiments.

A Hitachi SU8010 field emission scanning electron microscope (SEM) was
used to take images of the developed nanohybrids. The elemental analysis of the
nanohybrids was achieved by performing energy-dispersive X-ray spectroscopy (EDS)
measurements using an Oxford X-Max EDS that is attached to the Hitachi SU8010
field emission SEM. A Shimadzu UV-vis spectrophotometer was used to measure

sample absorbance. The size of Au seed was measured using a Zeta sizer (Marlwen,
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model of Nano-ZS). A BWF1 series fiber-coupled diode laser system (750 mW at 808
nm) from B&W TEK Inc. was used for photothermal effect study. A SK-1250MC
electronic thermometer was purchased from Sato Keiryoki MFG. CO., Ltd.

2.2. Synthesis of Silica Nanowires (SINWSs).

An efficient approach to synthesize SiNWSs has been developed in our lab. In
a typical synthetic process, 3.00 g PVP was completely dissolved in 30.00 mL of
1-pentanol under the sonication of 20 min. After mixing the PVP with 1-pentanol, a
3.00 mL aliquot of 95% ethanol, 0.84 mL of H,O, 0.20 mL of 0.17 M NasCt, 0.30 mL
of NH4OH, and 0.30 mL of TEOS were added in succession. The mixed solution was
well-shaken. The reaction was allowed to proceed overnight at room temperature. The
synthesized SiNWSs were centrifuged at the speed of 6,500 rpm for 30 min and then
washed 3 times by ethanol. Finally the SINWs were dissolved in water to prepare a
10.00 mg/mL SiNWs stock solution.

2.3. Preparation of Au Seeds.

The gold layer growing method has been well studied in our group.** Before
growing the gold layer on the surface of SINWSs, Au seeds were synthesized based on
a literature method.’® In a typical Au seed synthesis, 4.00 mL of 1.00% HAUCI,
solution was added into 100.00 mL water in an ice bath, followed the addition of 0.50
mL of 0.20 M K,COs. The solution was stirred for 10 min until the color turned from
bright yellow to colorless (or light yellow). A 5.00 mL aliquot of 0.50 mg/mL NaBHj,4
solution was then slowly added to the above solution. The formation of reddish
solution indicated the successful synthesis of Au seeds. The prepared Au seeds were
kept in a refrigerator at 4.0 °C for future use.

2.4. Gold Layer Growth.

A 1.00 mL aliquot of 10.00 mg/mL SiNW solution was dropwise added into
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40.00 mL of Au seeds and allowed to react for 10 min under vigorous stirring. Surplus
Au seeds were removed by centrifugation at a speed of 6,500 rpm for 10 min and then
the supernatant was carefully removed. The purplish red precipitate was Au
seed-modified SINWs and was resuspended into 10.00 mL water. The gold growth
solution consisted of 2.00 mL (or 0.50, 1.00, 4.00 mL) of 1.00% HAuCIl, and 0.025 g
of K,CO3 in 90.00 mL of water. The growth solution was vigorously stirred until it
turned to light yellow or colorless. A 10.00 mL aliquot of pre-synthesized Au
seed-modified SINWSs was added into the growth solution, followed by the addition of
1.00 mL of 0.50 M hydroxylamine hydrochloride. Then, 1.00 g PVP was added into
the above solution to stabilize the nanohybrids. After an overnight stirring, the
solution was centrifuged at a speed of 6,500 rpm for 15 min and washed 3 times by
ethanol.

2.5. Au Seeds Coating on Calcination-treated SINWS.

The SiNWs synthesized from Section 2.2 were calcinated at 400 °C for 4 h to
move the PVP molecules. The calcination-treated SiNWs were then dissolved in water
to prepare a concentration of 10 mg/mL solution. A 1.00 mL aliquot of 10.00 mg/mL
calcination-treated SiINW solution was dropwise added into 40.00 mL of Au seeds and
allowed to react for 10 min under vigorous stirring. The solution was then centrifuged
at a speed of 6,500 rpm for 10 min and the supernatant was removed.

2.6. Cell Proliferation Assay for Studying Cytotoxicity of the Au-SiNW Nanohybrids.

The cytotoxicity of the Au-SINW nanohybrids was investigated using
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide (MTT, a cell
proliferation assay).'’”” Three different cancer cells, including human alveolar
epithelial A549 cells, SW620, and KW12C were cultured onto a 96-well plate at

37 °C for 24 h. Then, each well was added 10.00 pL of MTT reagent with a final
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concentration of 1.00 pg/mL. The cells were further incubated at 37 °C for 4 h until
the purple-color developed. Afterwards, 100.00 pL of stop solution (10% DMSO, 10%
SDS in 50 mM HEPES buffer) was added into each well and the cells were
continuously incubated overnight at 37 °C. The absorbance of each well was recorded
at 560 nm to determine the cell proliferation rate.
2.7. Wybrant Apoptosis Assay.

Cell apoptosis and necrosis were detected using the Vybrant apoptosis assay.
A549 cells were pre-cultured in a DMEM culture medium overnight and the final cell
number was ~ 1 x 10°well. Then, a final concentration of Au-SiNW nanohybrids
varying from0.100 mg/mL, 0.050 mg/mL, 0.025 mg/mL, to 0.010 mg/mL, was
obtained in each well of the plate. The cells were incubated at 4 °C for 30 min and
then at 37 °C for 2 h. Next, the cells were treated with an 808 nm laser irradiation for
20 min. The cells were washed 3 times using a fresh cell culture medium and then
treated with the fluorescence probe, propidium iodide (Pl) and YO-PRO-1 dyes
(Wbrant apoptosis assay kit), for 10 min.*”® The cells were observed immediately
under a Zeiss confocal fluorescence microscope. The population separated into three
groups: live cells with no fluorescence signals, apoptotic cells with high green
fluorescence, and necrotic cells with red fluorescence.

3. Results and Discussion

3.1. Synthesis of Au-SiNW Nanohybrids.
3.1.1. Au Seed Modification.

We first developed a relatively simple method to coat a gold layer on a silica
matrix to synthesize the Au-SiNW nanohybrids. The gold layer decoration on the
surface of SINWSs was accomplished through a two-stage deposition process. The first

step was the seed deposition and the second was the seeded growth. The unique
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feature of this method was to directly deposit Au seeds onto the surface of SINWs
without any surface modification in the seed deposition step. Surface modification in
the process of Au-seed deposition was required in most published methods, which
constituted complicated synthetic procedures and low reproducibility.'’**"* This step
was completely eliminated in our method. The diameter of synthesized Au seeds was
measured to be 9.7 + 1.6 nm using a particle size analyzer. The seed deposition was
obtained by simply mixing the Au seeds and the SiNW solution for 10 min and an
evenly-deposited Au seed layer formed on the surface of the SINWs (Figure 29A).

The mechanism of the Au seed direct deposition on the SINWSs was studied.
The presence of PVP on the SiNWs was a key factor. As described in Section 2.2,
PVP was added during the synthesis of SINWSs as a surfactant and stabilizer to form
the PVVP-water droplets in the microemulsion. The hydrolysis and polymerization of
TEQOS occurred in the interface of PVVP-water droplets and oil phase. With continuous
reaction, the PVVP-water droplet moved to one end and the silica continued to grow
along this direction and resulted in an ultra-long SINW (Figure 29B).Although a few
cycles of washing were employed after the synthesis of SINWSs, the PVP was not
completely washed away. Previous studies have shown that PVP was adsorbed to a
broad range of materials including metals (e.g., gold, silver, and iron), metal oxides,
silica, etc.”® ' Thus, the remaining trace PVP used in the synthesis of SiNWs
provided the Au seeds with an easy deposition on the SiNW surface.

Two experiments were conducted to confirm that PVP plays a role in
deposition of Au seeds. In the first experiment, we compared our SINWs with the pure
silica nanoparticles that were synthesized with a similar procedure but without the
addition of PVP (Figure 29C). When mixing the silica nanoparticles with the Au seeds,

few or no Au seeds were decorated on the surface of silica nanoparticles (Figure 29D),
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showing the crucial role of PVP. The Au seed-decorated SINWs were then used to
nucleate the growth of a gold layer. With the addition of a reducing reagent,
hydroxylamine hydrochloride, the Au seeds grew to form a uniform Au layer in the

presence of HAUCI,.

Figure 29. SEM image of (A) SiNWs coated with Au seeds, (B) pure SINWSs, (C) pure
silica nanoparticles, and (D) silica nanoparticles coated with few Au seeds due to no
PVP used in the synthesis.

In the second experiment, the synthesized SiNWSs were treated in a
calcination process at 400 °C for 4 h. It has been well-studied that PVVP molecules can
be removed at high temperature.’®*% The calcination-treated SiNWSs were then
stirring with Au seeds (as described in Section 2.5). As shown in Figure 30, no Au
seeds were coated on the surface of SINWSs due to the absence of PVP. Both of these

two experiments prove the importance of PVP on the deposition of Au seeds on the

SiNW surface.
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Figure 30. SEM image of calcination-treated SiNWs after stirring with Au seeds.

3.1.2. Tune the Plasmon Resonance Band of the Nanohybrid to the NIR Region.

We were able to tune the plasmon resonance and of the nanohybrid to the
NIR region by systematically increasing the thickness of the AuNP layer on the
SiNWSs. When the amount of HAuUCI, in the Au growth solution increased, the size of
AUNPs increased, resulting in different thicknesses of the AuNP layer on the SINWS.
Figure 31A — D showed the SEM images of SiNWs modified with various sized
AUNPs. The size of AuNPs on the surface of SINWs was statistically measured based
on over 200 AuNPs. The resulted was shown in Figure 31E. When 4.0 mL of 1%
HAuUCI 4 was used in the Au growth solution, the size of the AuNP increased to 57.3 +
16.9 nm. The morphology of AuNPs on the surface of SINWSs became more irregular
shape rather than a spherical shape with the increasing of HAuCl, amount. To further
identify the formation of AuNP layer, the resultant nanohybrids were analyzed using
the SEM-EDS elemental analysis. A representative EDS spectrum was presented in
Figure 31F. As expected, Au peaks were observed in the spectrum confirming the

existence of gold element. Apart from Au signals, the spectrum also showed Si and O
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signals (from SINWSs), and Cu signal (from the copper grid).
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Figure 31. The Au-SiNW nanohybrids. (A) — (D) SEM images of different thicknesses
Au layer on SINW obtained by adding 0.50 mL (A), 1.00 mL (B), 2.00 mL (C), and
4.00 mL (D) of 1.00% HAUCI, in the gold growth solution; (E) The statistical
measurement of the AuNP size; (F) A representative EDS spectrum obtained from the
Au-SiNW nanohybrids.

The plasmon resonance and of the nanohybrid was tuned to the NIR region
when the AuNP size increased to certain value (Figure 32). The freshly prepared Au

seeds showed a peak around 514 nm (Figure 32a) that is consistent with the
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literature.'® Upon the attachment of Au seeds on the surface of SiNWs before the
addition of growth solution, the plasmon band appeared at 520 nm (Figure 32b),
which was slightly red-shifted compared to that of free Au seeds (514 nm). The
absorption peak of Au-SiNW nanohybrids increased with the size changes of AuNPs
on the surface of SINWs (Figure 32c — f). With a thicker gold layer, the absorption
peak red shifted toward the NIR region and the peak shape became broader. The broad
absorption in the NIR region suggested that the Au-SiINW nanohybrids would be
suitable for photothermal therapy. In the NIR region tissues and biological samples
have the minimum light absorption, and thus the irradiation has low influence on
normal cells. However, pure SiINWSs showed little or no NIR absorption (Figure 32g).
Although the sample with the thickest gold layer (57.3 £ 16.9 nm) had the highest
absorption at 808 nm (Figure 32b), a large number of free AuUNPs were obtained
besides the Au-SiNW nanohybrids. Therefore, the Au-SiNW nanohybrids used in the
following work were synthesized by adding 2.00 mL of 1.00% HAuCl, to form a gold

layer thickness of 24.0 £ 5.2 nm.

72



a

0.3 -

=
)

Absorbance
=
-y
/
r3
= o

400 500 600 700 800 900
Wavelength (nm)

Figure 32. UV-vis spectra of free Au seeds(a), Au-seed coated on SiNWSs (b),
Au-SiNW nanohybrids by adding 4.00 (c), 2.00 (d), 1.00 (e), and 0.50 mL of 1.00%
HAuUCI, (), and pure SINWSs (g).

3.2. Concentration Effect of Au-SiNW Nanohybrids on Plasmon Resonance.

The concentration of nanomaterials usually affects their plasmon resonance
absorption intensity. Thus, we first investigated light absorption capabilities of the
nanohybrids under various concentrations. The spectra shown in Figure 33A indicated
that the concentration dependent nature of the nanohybrids. As the concentration
increased from 0.00625 mg/mL to 0.200 mg/mL, the absorbance at 808 nm raised
from 0.0533 to 1.3066. It gave a good linear correlation (R* = 0.9983) between the
absorbance at 808 nm and the concentration of Au-SiNW nanohybrids (Figure 33B).
Overall in the NIR region the nanohybrids exhibited strong optical absorption even at
low concentrations. As a comparison, we tested pure absorption ability of SINWSs.
Their absorption in the NIR region was much weaker (Figure 33C). For example, the

absorbance of Au-SiNW nanohybrids reached 0.67 at a concentration of 0.100 mg/mL

while only 0.03 for pure SiNWs at the same concentration.
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Figure 33. (A) UV-vis spectra of Au-SiNW nanohybrids with different concentrations
varying from 0.200, 0.150, 0.100, 0.0750, 0.0500, 0.0375, 0.0250, 0.0125, to 0.00625
mg/mL (a — i); (B) the linear relationship between concentration of Au-SiINW
nanohybrids and its absorbance at 808 nm; (C) UV-vis spectra of different
concentrations of pure SiNWs changing from 1.00, 0.800, 0.500, 0.250, 0.125, 0.100,
to 0.0625 mg/mL (a — Q).

3.3. Photothermal Capability of the Nanohybrids.

Due to their high absorption in the NIR region, the Au-SiNW nanohybrid
aqueous solution was irradiated with an 808 nm NIR laser to study its heat releasing.
Three controls were used including water, pure AuNPs, and pure SINWs. As shown in
Figure 34, no obvious temperature increase was observed for these three controls,
indicating a low degree of temperature elevation. In contrast, the Au-SiNW
nanohybrids showed a rapid rise in temperature upon exposure to the laser after a
short time period of 10 min, and reached a plateau after 20 min of irradiation. In

addition, a higher concentration of Au-SINW nanohybrids displayed a sharper

temperature increase. These data indicated that the Au-SiNW nanohybrids can act as
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an efficient photothermal mediator.
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Figure 34. Heat releasing of different concentrations of Au-SiNW nanohybrids
varying from 1.000, 0.500, 0.250, 0.100, to 0.050 mg/mL (a — e). Controls:1.000
mg/mL of AuNPs (f), 1.000 mg/mL of pure SiINWs (g), and pure water (h).

3.4. Cytotoxicity Evaluation of Au-SiNW Nanohybrids.

The cytotoxicity of the nanohybrids to living systems was examined prior to
applying the nanohybrids to in vitro phototheramal therapy. A cell proliferation assay
(MTT assay) that can detect cellular toxicity was performed to carry the cytotoxic
evaluation. Due to the presence of PVP in the nanohybrids, we first studied the
toxicity of PVP to A549 cancer cells. Different concentrations of PVP solution
ranging from 0, 0.5, 1.0, 2.0, 5.0, to 10.0% were studied. Even at high concentrations

(5.0 and 10.0%), the cell viability were 84% and 77%, respectively, indicating a good

biocompatibility of PVP (Figure 35).
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Figure 35. Relative cell viability after culturing with different concentrations of PVP
varying from 0, 0.5, 1.0, 2.0, 5.0, to 10.0% for 24 h at 37 °C. After the addition of
MTT reagent and 4 h incubation at 37 °C, stop solution was added and followed by
overnight incubation. The absorbance of each sample was recorded at 560 nm to
determine the cell proliferation rate.

We then studied the biocompatibility of this novel nanohybrid with other
three cancer cells, including A549 cells, SW620, and KW12C. Different
concentrations of the nanohybrids, from 0, 0.010, 0.025, 0.050, 0.075, 0.100, 0.250 to
0.500 mg/mL, were added to A549 cells in a 96-well plate and incubated for 24 h at
37 °C. After this time period, the effect on cell viability was measured as shown in
Figure 36. The cell viability decreased as the concentration of Au-SiNW nanohybrids
gradually increased from 0.010 mg/mL to 0.500 mg/mL, showing a
concentration-dependent nanotoxicity trend. For example, at a low nanocomposite
concentration (< 0.100 mg/mL), Au-SiNW nanohybrids had no discernible cell
cytotoxicity according to the student t-test (p > 0.05). The cell viability was decreased

to 80% compared to the untreated control group when high concentrations, 0.250

mg/mL and 0.500 mg/mL, of Au-SiNW nanohybrids were used.
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Figure 36. Relative cell viability after culturing with different concentrations of
Au-SiNW nanohybrids varying from 0.000, 0.010, 0.025, 0.050, 0.075, 0.100, 0.250,
to 0.500 mg/mL for 24 h at 37 °C. After the addition of MTT reagent and 4 h
incubation at 37 °C, stop solution was added and followed by overnight incubation.
The absorbance of each sample was recorded at 560 nm to determine the cell
proliferation rate. The cell used here is A549 cell.

The Au-SiNWs toxicity was also studied in two other colon cancer cells,
KW12C and SW620 (Figure 37). As shown in Figure 37, no obvious cell toxicity was
observed even at a high concentration of Au-SiNWs in both cases. For example, at a
concentration of 0.25 mg/mL Au-SiNWs, the cell viability was 75% and 86% for
KW12C and SW620, respectively. As the toxicity observed in this assay was not

dramatic, these results demonstrated that the excellent biocompatibility of Au-SiNW

nanohybrids would be promising.
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Figure 37. Relative cell viability after culturing with different concentrations of
Au-SiNW nanohybrids varying from 0.000, 0.010, 0.025, 0.050, 0.075, 0.100, to0.250
mg/mL for 24 h at 37 °C. After the addition of MTT reagent and 4 h incubation at
37 °C, stop solution was added and followed by overnight incubation. The absorbance
of each sample was recorded at 560 nm to determine the cell proliferation rate. The
cells used here were KW12C and SW620, respectively.

3.5. In vitro Photothermal Therapy Application of the Nanohybrids.

An important feature of the Au-SiNW nanohybrids is the NIR-induced
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thermal effect. As demonstrated in section 3.3, the Au-SINW nanohybrids irradiated
by NIR laser clearly elevated the temperature of the solution. This type of
nanocomposite could absorb NIR irradiation; then converted the absorbed energy into
heat and generate localized hyperthermia. This unique property brought a potential
application of the nanohybrids to destroy cancer cells by NIR irradiation on a
localized tumor area. To test this potential, we conducted an in vitro application of
Au-SINW nanohybrids for photothermal therapy. The Wybrant assay that can
distinguish apoptosis and necrosis was used to investigate the PTT effects since
apoptosis is considered to be preferred responses among different mechanisms of
inducing tumor cell death.® Two dyes, the green fluorescent YO-PRO-1 and red
fluorescent propidium iodide (PI), were used in the assay. YO-PRO-1dye can stain
apoptotic cells by penetrating cytoplasm membrane while Pl only penetrates nuclear
membrane and thus staining necrotic cells. Therefore, the combination of YO-PRO-1
and PI can provide a sensitive indicator for apoptosis detection.

A549 cells were treated with Au-SINW nanohybrids with different
concentrations varying from 0, 0.010, 0.025, 0.050, to 0.100 mg/mL for 2.5 h,
followed by irradiating with an 808 nm laser for 20 min. YO-PRO-1 and PI dyes were
then added to stain the cells for 10 min. Apoptotic cells showed green fluorescence,
whereas necrotic cells showed red fluorescence. As shown in Figure 38a, A549 cells
treated by 0.100 mg/mL of Au-SiNW nanohybrids but without the treatment of NIR
light irradiation, resulted in no necrotic or apoptotic cells detected. By treating A549
cells with both 0.100 mg/mL Au-SiNW nanohybrids and NIR light irradiation,
significant apoptosis was induced and stained with the green color (Figure 38b).
Although the concentration of Au-SiNW nanohybrids decreased to 0.050 mg/mL,

most of the cells were dead after NIR irradiation (Figure 38c). Moreover, green
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fluorescence was the dominant color (albeit red color staining for necrotic cells were
also observed), indicating that apoptosis was the primary mechanism of cell death.
Further decreasing the concentration of Au-SiINW nanohybrids resulted in reduced
cell death (Figure 38d - e€). These results clearly showed a typical
concentration-dependent PTT effect (Figure 38b — e). As a control, no apoptosis or
necrotic cells were detected when A549 cells were only treated by the NIR light in the

absence of Au-SiNW nanohybrids (Figure 38f).
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Figure 38. Confocal fluorescence images of A549 cells. A549 cells were treated with
different concentrations of Au-SiNW nanohybrids and NIR light centered at 808 nm
(0.30 W/cm?) for 20 min. The concentration of Au-SiNW nanohybrids was 0.100
mg/mL without NIR irradiation (a), 0.100 mg/mL (b), 0.050 mg/mL (c), 0.025 mg/mL
(d), 0.010 mg/mL (e), and 0.0 mg/mL (f) with NIR irradiation. After staining a cell
population, apoptotic cells showed green fluorescence stained by YO-PRO-1, necrotic
cells showed red color by PI, and control cells showed little or no fluorescence. DIC,
differential interference contrast.

MTT experiments were also conducted to quantitatively study the effect of

the nanohybrids and NIR irradiation. As shown in Figure 39, with the treatment of
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NIR irradiation and the increasing concentration from 0.01, 0.025, 0.05, to 0.1 mg/mL,
the cell viability decreased to 76.0%, 51.2%, 39.7%, and 27.1%, respectively.
However, with the addition of nanohybrids or the treatment of NIR irradiation, no
obvious change was observed. These data suggested that only the combination of
Au-SINW nanohybrids and NIR light irradiation can lead to cell death, which was

consistence with the results form confocal images.
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Figure 39. Relative cell viability after incubating with different concentrations of
Au-SiNWs nanohybrids in the presence or absence of NIR irradiation.

4. Conclusions
In summary, a novel nanomaterial — Au-SiNW nanohybrid — was synthesized
with controllable sizes of AuNPs on the surface. This hew nanocomposite exhibited
strong surface plasmon resonance absorption due to the growth of a gold layer on the
surface of SiINWs. The absorption of Au-SiNW nanohybrids can be tuned from the
visible to the NIR region simply by changing the amount of HAuCl, in the gold

growth solution. This nanocomposite was found to have excellent biocompatibility.
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Combining the intrinsic properties of both SINWs and gold layer, the nanocomposites
showed significantly improved photothermal cell destroying efficacy even at a low
laser power density of 0.3 W/cm?. These findings indicate that the nanocomposite

may be a promising candidate for phototherapeutic cancer therapy.
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