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Abstract

Engineering plasmonic nanostructures that simultaneously achieve high colloidal stability, high
photothermal stability, low non-specific binding to biological specimens, and low toxicity is of
significant interest to research in bionanotechnology. Using gold nanorods, we solved this
problem by encapsulating them with a multilayer structure, silica, hydrophobic ligands, and
amphiphilic-polymers. In comparison with nanorods covered with the conventional surface
chemistries, such as surfactants, polyelectrolytes, thiolated polymers, and silica shells alone, the
new nanorods remain single in various solutions and show remarkable stability against laser
irradiation. We further demonstrated specific targeting and effective treatment of prostate tumor
cells using nanorod—aptamer bioconjugates. This exquisitely formulated nanoencapsulation
technology could potentially help stabilize other plasmonic nanostructures that are not in the most
thermodynamically or chemically stable states, and should open exciting opportunities in
nanotechnology-based imaging and therapeutics.

1. Introduction

Plasmonic nanostructures such as spherical nanoparticles, nanorods, nanoshells, and
nanocages have captivated scientists, engineers, and lately physicians, owing to their
fascinating size-dependent optical and electronic properties.1~17 These unique properties,
unavailable in bulk materials and individual atoms, offer new opportunities in disease
diagnosis, prognosis, and therapy. Among all, gold nanorods (GNRs) have become a model
system for bionanotechnology and stimulated the development of nanoprobes for
bioimaging, sensing, drug delivery, and photothermal therapy. Compared with spherical
nanoparticles, GNRs are more sensitive to changes in local environments, manifested as a
larger plasmon shift per refractive index unit (dgpr/dny), which, in addition to the narrow
plasmon band width, is ideal for sensing applications.18:1° Furthermore, GNRs also offer
stronger scattering and absorption efficiency per unit volume than their spherical
counterparts and nanoshells,2% and thus provide the opportunity to integrate multiple
imaging modes and therapeutic strategies, such as surface-enhanced Raman scattering,?!
dark-field imaging,22 optical coherence tomography,23 multiphoton-induced
luminescence,24:25 photoacoustic tomography,26 on-demand drug release, 2730 hyperthermia
cancer therapy,31-33 and cellular photothermolysis.34

Despite these recent excitements, a number of outstanding issues must be addressed for
widespread applications of GNRs in biology and medicine. First, high-quality GNRs are
generally made in the presence of a cationic surfactant, cetyltrimethylammonium bromide
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(CTAB), which has been suggested to form bilayers on the surface of GNRs.3> CTAB
stabilizes GNR colloids via strong electrostatic repulsion in water, due to its cationic
quaternary-ammonium head group, which, on the other hand, also causes non-specific
binding to biomolecules and cells for biological applications.32 The non-covalent nature of
CTAB and GNR bonding results in a dynamic process between CTAB adsorption and
desorption. Although gold is biologically inert and surface-bound CTAB is not highly
cytotoxic either, detached CTAB is harmful to cells.38 A recent surge on studies of the GNR
surface chemistry has largely solved the toxicity problems by replacing or covering the
CTAB layer with thiolated polyethylene glycol (SH-PEG), phospholipids, silica shells, and
polyelectrolytes such as poly(4-styrenesulfonic acid) (PSS).37-46 Among these new surface
coating materials, GNRs coated with SH-PEG show the best colloidal stability. They remain
single in a broad spectrum of buffers with various concentrations of salts and proteins, and
pH values; whereas other surface coating materials often form aggregates.

The second problem is the stability of GNRs against laser illumination. This is particularly
important for imaging and therapeutic modes that involve laser irradiation at high intensity
or over extended periods, such as photoacoustic tomography, photothermal therapy,
multiphoton microscopy, and optically modulated drug release. It has been shown that
GNRs have large absorption cross-section but fairly low photoluminescence quantum
efficiency (1073-1074).47 Thus, energy from absorbed photons is mainly converted to heat.
When irradiated with high-intensity femtosecond or nanosecond lasers matching their
plasma resonance bands, GNRs not only melt and change shape to spherical nanopatrticles,
but can also fragment over certain energy thresholds.#8 This poor photothermal stability is
highly undesirable for applications depending on photothermal conversion because the
reshaped nanoparticles have significantly reduced absorbance compared with the original
intact GNRs. Replacing the CTAB coating layer with silica shells allows faster heat
dissipation, and thus renders GNR more photothermally stable.#%:>0 On the other hand, the
silica shell-coated GNRs have poor colloidal stability in biological buffers and media. To
solve all these problems, here, we report a new class of GNRs simultaneously achieving
high colloidal stability, high photothermal stability, low non-specific binding to biological
specimens, and low toxicity. We further demonstrate crosslinking of GNRs to aptamers, and
probe the targeting and therapeutic capabilities of this new series of GNR bioconjugates on
prostate tumor cells.

The logic behind the probe design is simple. Since the current surface coating technology is
only capable of partially solving the aforementioned problems, intelligent selection and
combination of surface coatings with complementary functionalities should address the
problems in full. Therefore, we choose to encapsulate GNRs with a thin and uniform layer
of silica shell for enhanced stability against laser irradiation and a layer of bifunctional PEG
for biocompatibility, bioconjugation, and reduced non-specific binding. As shown in Fig. 1,
water-soluble GNRs are first coated with a silica shell (GNR@SiO,). The resulting
hydrophilic GNR@SIO, are then converted to hydrophobic GNR@SIiO», thereby the
solubilization approaches based on amphiphilic polymers initially developed for
semiconductor nanoparticles®154 can be utilized to functionalize GNRs. We demonstrate
this concept using a representative amphiphilic polymer, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] (PE-PEG).%! The terminal
carboxylic acid groups allow crosslinking with aminated targeting molecules via the
common carbodiimide reaction.

Phys Chem Chem Phys. Author manuscript; available in PMC 2012 June 7.
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2. Experimental

Materials

Gold(11) chloride (HAUCI4-3H,0), AgNOg3, cetyltrimethylammonium bromide, sodium
borohydride (NaBHy), tetraethyl orthosilicate (TEOS), octadecyltrimethoxysilane (OTMS),
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC), and ascorbic acid
were purchased from Sigma-Aldrich (St. Louis, MO). Thiol-mPEGsq (SH-PEG) was
obtained from Laysan Bio (Arab, AL). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-[carboxy (polyethylene glycol)-2000] was purchased from Avanti Polar Lipids (Alabaster,
AL). The 41-base A10 RNA aptamer (sequence: 5'-NH,-GGG AGG AcG AuG cGG Auc
AGc cAu Guu uAc Guc Acu ccu u (3'dT) 3, lowercase letters indicate 2'fluoro RNA)®® was
custom synthesized by IDT (San Diego, CA). All materials were used as received without
further purification. Ultrapure water (18 MQ cm™1) was obtained from a Milli-Q water
purifier (Billerica, MA).

GNR preparation

GNRs were synthesized using the seed-mediated growth method invented by Murphy, El-
Sayed, and coworkers.?6:57 To prepare the nanoparticle seeds, ice cold NaBH, (0.6 mL, 10
mM) was added to a mixture of CTAB (7.5 mL, 0.1 M) and HAuUCl4 (0.1 mL, 25 mM)
under vigorous stirring. The solution turned from yellow to brown indicating formation of
gold nanoparticle seeds and was kept on stirring for a few minutes. The seed solution was
then placed into a water bath kept at 27 °C. For GNR growth, CTAB (0.1 M, 50 mL) was
mixed with HAuUCly (1.0 mL, 25 mM) and AgNO3 (0.4 mL, 10 mM). A mild reducing
agent, ascorbic acid (0.3 mL, 0.1 M), was then added, and the color of the solution rapidly
changed from bright yellow to colorless. To initiate GNR growth, 60 uL of gold seed
solution was added. The reaction mixture was swirled, and then allowed to sit overnight.

Silica coating of GNRs

Before silica coating, the as-prepared GNRs were purified by repeated centrifugation (10
000 g, 15 min, 3 times) to remove excess CTAB, and were redispersed in 50 mL water. SH-
PEG (10 mg) was dissolved in water (1 mL), sonicated for 10 min, and treated with NaBH,4
(50 uL, 0.1 M) under sonication for another 15 min to reduce dimerized SH-PEG (PEG-S-
S-PEQG), if any exists. GNR surface ligand exchange was conducted by incubating GNRs
(10 mL, 0.7 nM) with the SH-PEG for 5 h. After purification with repeated centrifugation
(90009, 12 min, 2 times), GNRs were dispersed into 2.5 mL ethanol, mixed with H,O (0.4
mL), NH4OH (15 pL, 30%), and TEOS (4 uL), and stirred overnight. The resulting
GNR@SiO, was washed three times with ethanol.

Hydrophobic modification of the GNR@SiO»

To a 10 mL ethanol solution of GNR@SiO,, 100 uL of NH4OH (30%) was added to adjust
the pH to 9, followed by drop-by-drop addition of an OTMS solution in CHCl3 (250 pL,
10%) under vigorous stirring. The reaction mixture was stirred for 18 h, and the modified
GNR@SiO,—C1g nanoparticles were washed with ethanol for three times and dispersed in
CHCI3 (3 mL).

Solubilization of hydrophobic GNR@SiO,—C1g

To the chloroform solution of GNR@SIO,, PE-PEG (1 mg) was added and sonicated,
followed by removal of chloroform by slow evaporation. A film of dried nanoparticles was
hydrated with water. Excess PE-PEG were removed by repeated centrifugation (4500g x 15
min, 3 times), and the purified nanoparticles (GNR@SiO,@PE-PEG) were dispersed in 0.5
mL water.

Phys Chem Chem Phys. Author manuscript; available in PMC 2012 June 7.
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Comparison of colloidal stability

Six aliquots of 50 uL of the GNR solution were diluted with 900 uL DI water, NaCl (100
mM), phosphate buffered saline (PBS, pH 7.4), OptiMEM, and RPMI 1640 cell medium,
respectively. Following 1 h incubation, UV absorption, dynamic light scattering, and
electron microscopy measurements were taken.

Comparison of photothermal stability

GNR@SIiO,@PE-PEG, GNR@CTAB, GNR@SiOy, GNR@PSS, and GNR@SH-PEG
nanoparticles solution were adjusted to have a longitudinal plasmon peak intensity of 1.5.
Particle suspensions (1 mL) in a cuvette with a path length of 1 cm were illuminated with a
doubled YAG pulsed laser with a pulse width of 7 ns and a repetition rate of 20 Hz at 812
nm (Surelite 1-20, Continuum, Santa Clara, CA). Samples were subjected to 10 min
irradiation at various laser fluencies followed by optical and TEM measurements.

Measurement of photothermal effect using continuous wave (CW) laser

Temperature elevation of GNR solutions (0.1 nM, 200 L) induced by laser illumination
(803 nm CW diode laser at 10 W cm™2) was measured for various illumination durations (0—
60 s) using a homemade thermocouple.

Nanoparticle—aptamer bioconjugation

EDC (20 uL, 500 mM) was added to 0.5 mL GNR@SiO,@PE-PEG solution in PBS,
followed by addition of the 5’-NH,-modified A10 aptamer targeting PSMA (6 uL, 100 uM)
10 min later. The reaction mixture was stirred for 3 h and another aliquot of fresh EDC
solution was added. The reaction mixture was kept on stirring at 4 °C overnight. The
aptamer-labeled GNRs were washed, and resuspended in RNase-free water.

Cell viability study based on the MTT assay

LNCaP cells were cultured in RPMI-1640 medium, supplemented with 10% fetal bovine
serum (FBS) and antibiotics (100 pg mL™1 streptomycin and 100 U mL™1 penicillin) in a
humidified atmosphere at 37 °C with 5% CO». CellTiter-Blue Cell Viability Assay
(Promega, San Luis Obispo, CA) was used to test the toxicity effects of the GNR samples in
living cells. After seeding the LNCaP cells for 24 h, nanoparticles in water (20 uL) were
added to the cell culture and incubated for another 24 h. Then, after adding 20 uL of the dye
solution to each well and incubating for 4 h, fluorescence at 560 nm was recorded using a
96-well plate reader (Tecan Infinite M200).

Tumor cell photothermal therapy

3. Results

Prostate tumor cells, LNCaP and PC3, were grown to 80% confluence and incubated with
the GNR—-aptamer bioconjugates (0.48 nM) for 3 h. After washing and changing with fresh
culture media, the cells were exposed to NIR laser illumination (803 nm) for 7 min at a
power density of 10 W cm~2. The treated cells were incubated for additional 2 h and then
stained with a LIVE/DEAD® cell viability kit (Invitrogen, Carlsbad, CA) following the
manufacturer’s manual. Live cells (green fluorescence) and dead cells (red fluorescence)
were counted on a fluorescence microscope (Olympus, San Diego, CA) under 10x
magnification.

and discussion

GNRs with an aspect ratio of 2.8 are synthesized via a seed-mediated growth method
previously reported by Murphy and El-Sayed.56:57 The CTAB bilayer on the surface of
GNRs renders GNRs highly positively charged with a zeta potential of +45 mV, which helps
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maintain the stability of the nanoparticle suspension, but, at the same time, introduces
cytotoxicity due to detached CTAB molecules. Both non-porous and mesoporous silica have
been previously reported to encapsulate GNRs to improve their biocompatibility. 424358 For
example, Fernandez-Lopez and coworkers have developed a robust procedure for coating
GNRs with silica shells of tunable thickness.#3 The key is to first transfer GNRs in water to
an ethanol solution by replacing CTAB with SH-PEG so that the classic Stéber chemistry
can be applied.®® Indeed, using this procedure we were able to encapsulate GNRs with silica
shells ranging from 7 to 30 nm thickness. Fig. 2a shows the transmission electron
microscopy (TEM) image of GNR@SIO, with a representative shell thickness of 7.5 nm.
Although the GNRs, compared with other highly uniform spherical nanoparticles, have
some size and shape variations, the coated silica shells appear uniform in thickness and
smooth. For easy grafting of PEG molecules on the outer surface for optimal
biocompatibility, the hydrophilic GNR@SiO, was converted to hydrophobic first by
reacting with a hydrophobic silane compound, OTMS. In spite of the three reactive sites
(polymerizable), OTMS does not significantly increase the silica shell thickness, possibly
due to steric hindrance caused by its long hydrocarbon chain. Nevertheless, the very thin
layer of hydrocarbons efficiently converts the GNR@SiO, hydrophobic, rendering them
soluble in organic solvents such as chloroform. Previous research on semiconductor
quantum dots has identified a series of simple and effective approaches based on
amphiphilic polymers for solubilization of hydrophobic nanoparticles.>1>4 These
amphiphilic structures share a couple of common features. First, no ligand exchange is
needed for nanoparticle solubilization (original hydrophobic ligands are kept and covered).
Second, the amphiphilic polymers self-assemble onto inorganic nanoparticles via
multivalent hydrophobic interactions whereas the hydrophilic segments in the polymers face
outward. To demonstrate the concept, we used PE-PEG in the current work. The tail chains
in PE and the hydrocarbons on GNR-SIO,, interdigitate, whereas the PEG block protrudes
from the surface with terminal COOH groups as reactive sites for bioconjugation. The
overall yield of this multistep procedure is typically above 70%.

As shown in Fig. 2b, the resulting water-soluble GNR@SiO,@PE-PEG particles are well
separated on the TEM grid, which also reflects their dispersity in solution, because if the
particles were aggregated in solution, large clusters with particles piled on top of each other
would be expected. To confirm the dispersity in solution, we also measured the
hydrodynamic size of the particles using dynamic light scattering (DLS). In aqueous
solution, the hydrodynamic diameters of GNR@SiO, and GNR@SiO,@PE-PEG are 76 nm
and 97 nm, respectively. The size discrepancy between these two samples in solution (‘dry’
sizes under TEM are similar) is likely resulted from the PEG surface coating and the
negative charges on the surface of GNR@SiO,@PE-PEG (PEG terminated with COOH end
group), which creates an electrical double layer surrounding the nanoparticles. It is also
worth mentioning here that the DLS sizes of GNRs should be treated as an estimate because
the numbers are actually expressed as GNRs’ spherical particle equivalents, spheres that
have the same translational diffusion speeds as the non-spherical GNRs.

Besides the size measurements using TEM and DLS, the silica and PEG coating process can
be monitored with spectroscopic measurements as well, because GNRs’ surface plasmon
resonance (SPR) bands in particular the longitudinal band are sensitive to changes in local
environments.18:19 As shown in Fig. 2c, the CTAB-coated GNRs in water initially have a
transverse absorption band centered at 515 nm and a longitudinal band at 685 nm.
Subsequent surface modifications with an SiO, shell, C1g and PEG give rise to a significant
red shift of the longitudinal band to 719, 720, and 708 nm, respectively. This spectral shift is
commonly observed in plasmonic materials and has been previously attributed to changes in
the refractive index of the surrounding environment.%0 At the same time, the transverse band
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remains nearly unchanged in band location, but is slightly enhanced due to stronger
Rayleigh scattering arising from the increased particle size after silica encapsulation.43

Next, we systematically compared the colloidal stability of our GNR@SiO,@PE-PEG with
the conventional GNR@CTAB, GNR@SIiO,, GNR@PSS, and GNR@SH-PEG dispersed
in a variety of aqueous solutions: DI water, NaCl solution (100 mM), phosphate buffered
saline (PBS, 1x), and cell culture media OptiMEM and RPMI. The DLS measurement
allows a quick assessment of colloidal stability of the GNRs with different surface
chemistry. As summarized in Table 1, the original GNR@CTAB and GNR@SIiO, form
aggregates in NaCl and PBS solutions as well as OptiMEM, whereas GNR@PSS are not
stable in NaCl and PBS solutions. In contrast, only GNR@SH-PEG and GNR@SiO,@PE-
PEG remain single under all these conditions, manifested by minor size fluctuations possibly
caused by the solvent change and adsorption of solutes (e.g., proteins in cell culture media).
These results indicate the importance of the pegylation layer in nanoparticle stabilization.
Note that the size fluctuation of GNR@SH-PEG is slightly less than that of
GNR@SiO,@PE-PEG. This is because, in contrast to the PE-PEG terminated with COOH
groups, the SH-PEG used in this study are terminated with neutral methoxy groups. When
GNRs are coated with SH-PEG-COOH, they show a similar level of size fluctuation to that
of GNR@SiO,@PE-PEG.

The DLS data are also confirmed by measurements of GNRs’ SPR absorption, utilizing the
sensitivity of the longitudinal bands to colloidal agglomeration (Fig. 3a—e). The spectral
measurements are in nearly perfect agreement with the DLS results except for GNR@SiO».
The absorption peaks of GNR@SiO, in various solutions show relatively small changes
although DLS clearly suggests aggregation. This is due to the silica shells on their surfaces
which effectively create spatial separations between adjacent GNRs in clusters.
Representative TEM images were also taken for GNR@CTAB, GNR@SiO,, and
GNR@SiO,@PE-PEG in 100 mM NacCl solution. It shows that GNR@SiO,@PE-PEG are
well dispersed but not the other two samples (Fig. 3f-h). Taken together the DLS, TEM, and
spectroscopic data, it is clear that direct ligand exchange with SH-PEG and encapsulation
with SiO, and PE-PEG offer the best colloidal stability for GNRs.

As discussed above, GNRs’ photothermal stability is another issue that needs to be
addressed for applications involving high-intensity laser illumination or extended
photothermal conversion such as photoacoustic tomography, multiphoton microscopy, and
optically modulated drug release. Systematic work by El-Sayed and coworkers shows that
under pulsed laser irradiation, GNRs can melt into spherical particles of similar volumes or
even fragment into smaller particles.”-#8 High-resolution TEM also reveals that different
from thermal melting, which starts from the nanomaterial surface, the photothermal melting
process starts with the formation of defects inside nanorods.51 In our study, an 812 nm NIR
laser was used to generate pulses of 7 ns with a repetition rate of 20 Hz, and its laser fluence
was varied between 0-7.6 mJ cm~2. To match the photon energy with GNRs’ SPR
absorption, another GNR sample with a longitudinal absorption band centered at 812 nm
was used, thanks to the remarkable size tunability of GNRs. As demonstrated in Fig. 4, the
silica-caged GNRs show significantly improved photothermal stability compared with
CTAB, PSS, and SH-PEG coated GNRs, in agreement with prior reports.*%:59 Based on the
spectroscopic measurements, GNR@CTAB and GNR@PSS are already damaged at laser
fluence as low as 1.3 mJ cm™~2, indicated by a blue-shifted longitudinal peak (Fig. 4a—c).
GNR@SH-PEG show slightly better stability, but still follow a similar trend as
GNR@CTAB (Fig. 4a and d). For the silica-caged particles (GNR@SiO, and
GNR@SiO,@PE-PEG), their absorptions do not change at a laser fluence of 5.1 mJ cm 2,
and drop less than 20% at a laser fluence of 7.6 mJ cm™2 after 10 min illumination (Fig. 4a,
e and f). This improved stability likely comes from two effects. First, it is well known that
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GNR stability is directly linked with its surface ligands.52 It has been reported that the heat
relaxation time for GNRs wrapped with CTAB bilayers (also applies for the PSS-coated
GNRs, because PSS are adsorbed on top of CTAB via electrostatic interactions) is
approximately 150 ps,%3:64 significantly longer than the rod reshaping time (shape
transformation from rods to spheres takes ca. 35 ps).° In contrast, the heat relaxation time
of GNRs in silica shells has been estimated to be 20 ps,63:64 which is competitive with the
photothermal reshaping process. Second, the silica shell is also more rigid than most organic
materials such as surfactants and polymers. The high sol—gel glass transition temperature of
silica (1000-1500 K) helps keep GNRs in their original shape.

Before applying this new series of GNRs to tumor cell targeting and photothermal therapy,
two additional properties need to be checked first: (i) whether GNR@SiO,@PE-PEG are
toxic to cells; and (ii) whether the GNR@SIiO,@PE-PEG maintain their capability of
heating up the surrounding media when illuminated with a CW laser source. In contrast to
pulsed laser that specifically heats GNRs and their very close proximity (10 nm), CW laser
illumination warms the surrounding media and is thus frequently used in hyperthermia
treatment of tumors. To probe the cytotoxicity and put it in context with other surface
coating chemistry, we compared the cytotoxicity of GNR@SiO,@PE-PEG with
GNR@CTAB, GNR@SiO, GNR@PSS, and GNR@SH-PEG towards a prostate cancer
cell line, LNCaP. We chose LNCaP because of its well characterized in vivo behavior and
tumor biology such as profile of surface receptor expression, which can be used to develop
specific targeting strategies.>? Plot of dose-dependent cytotoxicity (Fig. 5a) shows that after
24 hour exposure to cells GNR@SiO,@PE-PEG are essentially non-toxic in the
concentration range of 0-0.6 nM, similar to GNR@SiOy, GNR@PSS, and GNR@SH-PEG.
The only surface coating that is highly toxic to cells is CTAB, in agreement with the
literatures.36-46 To investigate the photothermal conversion capability of the new
GNR@SiO,@PE-PEG, we compare it with the original GNR@CTAB and control samples
of water and a spherical gold nanoparticle solution. Under the same laser illumination
condition, GNR@SIiO,@PE-PEG and GNR@CTAB show virtually identical rate of
temperature increase, which is approximately one order of magnitude higher than those of
spherical particles and pure water (Fig. 5b).

With the systematic characterization studies on stability, biocompatibility and photothermal
conversion discussed above, we proceeded to demonstrate specific targeting and thermal
ablation of tumor cells using the new GNRs. Photothermal therapy of tumors using targeted
plasmonic materials has the potential to improve current clinical tumor ablation approaches
(e.g., laser, radio frequency, and high-intensity focused ultrasound or HIFU) that lack
specificity, and to open new opportunities for treating small metastasis, and tumors with
poorly defined boundaries or embedded in vital regions. Pioneer work by Halas et al. using
gold nanoshells has produced encouraging results using cultured cells and lab animals, and
the nanoshell agent is currently under clinical trials.56 GNRs have become an important
alternative due to their higher absorption efficiency per unit volume. For specific targeting,
we conjugated a RNA aptamer (A10) that recognizes a prostate specific membrane antigen
(PSMA),57 one of the most specific biomarkers expressed in prostate tumor epithelial cells
and attractive targets for imaging and therapeutic interventions (e.g., ProstaScint® scan).%8
To evaluate specific targeting, PSMA-positive LNCaP cells and PSMA-negative PC3 cells
were incubated with the GNR@SiO,@PE-PEG with or without the aptamer followed by
exposure to a NIR laser (803 nm, 10 W cm~2). Cell viabilities were quantified using a dual-
color labeling technique with calcein AM and ethidium homodimer 1 (EthD-1), where red
fluorescence from EthD-1 indicates dead cells and green fluorescence from calcein AM
indicates live cells. Control experiments (Fig. 6a—d), in which either NIR laser illumination
or GNRs are absent, show that the cell viabilities are essentially unaffected (>95% live
cells). When NIR illumination and GNR-aptamer bioconjugates are combined, majority of
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the LNCaP cells are killed with the cell viability dropping below 4% (Fig. 6e and f). In
contrast, under the same experimental conditions, 99% of PSMA-negative PC3 cells survive
the treatment (Fig. 6g and h), indicating remarkable targeting specificity.

Besides the targeting specificity and effective photothermal therapy, another important
feature worth mentioning is the spectral insensitivity of GNR@SiO,@PE-PEG to
aggregation. When plasmonic nanoparticles enter cells through endocytosis (one of the most
common pathways for nanoparticle uptake), they often form clusters in endosome and
lysosome, which leads to aggregation-induced spectral shifting. For example, when
GNR@SH-PEG (targeted with the same PSMA aptamer) enter cells, the spectrum shifts by
approximately 20 nm (Fig. S1, ESIT). The unpredictable nature of the aggregation-induced
spectral shift renders photothermal therapy difficult because the nanoparticle absorption
maximum no longer overlaps with the laser (thus new light source will have to be identified
for effective treatment and minimized side effect). In contrast, because of the silica layer,
even GNR@SiO,@PE-PEG particles form aggregates during the endocytosis process, the
embedded GNRs are still spaced out by a distance at least twice of the silica shell thickness,
which helps maintain the original spectrum.

4. Conclusion

In summary, we have developed a new class of GNRs by encapsulating them with a multi-
layer coating composed of silica, hydrocarbons and amphiphilic polymer. In comparison
with conventional GNRs capped with surfactant micelles, polyelectrolytes, thiol-PEG, and
silica shell alone that solve either the toxicity, non-specific binding, colloidal instability, or
photothermal instability problems, our nanoencapsulation technology based on intelligent
selection of coating materials with complementary functionalities is capable of addressing
all these problems simultaneously. As a result of these desirable properties, we were able to
functionalize them with an aptamer and specifically target PSMA receptors on prostate
tumor cells. In combination with NIR laser illumination, the cell viability of PSMA-positive
LNCaP cells is reduced to 4% whereas that of PSMA-negative PC3 cells is virtually
unaffected. Further development and optimization of this technology could help stabilize
other plasmonic nanostructures that are not in the most thermodynamically or chemically
stable states, and could enable sensitive detection and specific treatment of tumors in vivo.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Schematic illustration of GNR@SiIO2@PE-PEG. NRs are encapsulated within a thin layer
of silica shell, followed by surface modification with a hydrophobic silane, OTMS. The
hydrophobic GNR@SiO2-C18 is then solubilized with PE-PEG with terminal COOH
groups for potential bioconjugation. Figure is not drawn to scale.
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Fig. 2.

TEM and spectroscopic characterization of caged GNRs. (a and b) TEM images of
GNR@SiO2 and GNR@SiO2@PE-PEG. The silica shell is 7.5 nm, and the organic
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molecules on the silica shell surface are not visible because they are not electron-dense

materials. (c) Spectroscopic monitoring of GNR encapsulation. Initial CTAB capped GNRs
dispersed in water show two extinction peaks at 515 (transverse) and 685 nm (longitudinal).
Subsequent surface modifications with an SiO2 shell (dispersed in ethanol), C18 (dispersed
in CHCI3) and PE-PEG (dispersed in water) shift the longitudinal peak to 719, 720, and 708

nm, respectively.

Phys Chem Chem Phys. Author manuscript; available in PMC 2012 June 7.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Hu and Gao

0 a ~H,0
N —NacCl
0.8 [\ ~ees
@ I\ —optimem
é 0.6 |‘ \ RPMI
[
2
=

400 600 800 1000
Wavelength (nm)

L b —H,0

—MNaCl

PBS
0.6 (’\\ —OptiMEM

RPMI

Absorbance

h, el
W

400 600 800 1000
Wavelength (nm)

LA —H,0
/‘ —Nacl
| \ PBS
@04 / Al \ —OptiMEM
H | RPMI
£
:

400 600 800 1000
Wavelength (nm)

1.0 d —H0

— Nacl
PBS

0.6 / /f\ —QOptiMEM

[\ —remi

400 600 800 1000

Wavelength (nm)

1 a H,0
—NaCl

03 |\ —PBS

| —OptiMEM

RPMI

Absorbance
=
e

Fig. 3.

..

el
g

-\}

Y
oM\

-
18
‘i

\

<Y

-~
v \

Page 13

Spectral and TEM measurements of the colloidal stabilities of GNRs with various surface

chemistries. (a—e) Vis-NIR spectra of GNR@CTAB, GNR@PSS, GNR@SH-PEG,

GNR@SiO,, and GNR@SIiO,@PE-PEG dispersed in water, PBS buffer, 100 mM NacCl
solution, OptiMEM, and RPMI cell culture medium. Agglomeration can be detected based
on the spectral shift of GNRs’ longitudinal bands. (f—h) Representative TEM images of
GNR@CTAB, GNR@SiO5, and GNR@SiO,@PE-PEG dispersed in 100 mM NaCl. This

comparison clearly shows that GNR@CTAB and GNR@SIO; are clustered but

GNR@SiO,@PE-PEG remain single.
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Fig. 4.

Comparison of photothermal stability of GNRs with various surface chemistries. (a) Peak
intensity at 812 nm measured after exposure to nanosecond NIR laser at different laser
fluencies. GNRs caged with silica are significantly more stable than coated with CTAB,
PSS, and SH-PEG. (b—f) Spectra of GNR@CTAB, GNR@PSS, GNR@SH-PEG,
GNR@SIiO,, and GNR@SiO,@PE-PEG after laser treatments at different laser fluencies.
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Fig. 5.

Characterization of cytotoxicity and capability of photothermal conversion of
GNR@SiO,@PE-PEG. (a) Dose-dependent cytotoxicity of GNR@SiO,@PE-PEG in
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comparison with GNR@CTAB, GNR@PSS, GNR@SH-PEG, GNR@SiO, in LNCaP
prostate tumor cells. In the concentrations probed (0-0.6 nM), GNR@CTAB show high
toxicity but not the other samples (24 h incubation of cells with the various GNRs). (b)
Rates of temperature increase (AT) for GNR@CTAB, GNR@SiO,@PE-PEG, spherical

gold nanoparticles, and water during NIR-laser illumination. When fitted with linear

trendlines, GNR@CTAB and GNR@SiO,@PE-PEG show nearly identical performance and
their temperature increase rates are approximately 7 and 13 times faster than those of gold
nanoparticles and water. (Inset) Vis-NIR extinction spectra of the GNR@SiO,@PE-PEG

and spherical gold nanoparticles of 18 nm.
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Fig. 6.

Photothermal therapy of tumor cells. (a—d) When either NIR laser illumination or GNRs
targeted with A10 aptamers are missing, the viabilities of LNCaP cells remain high, 95.2%
and 97.5% respectively. (e and f) Combined treatment of NIR laser illumination and GNR-
A10 triggers a hyperthermia effect and efficiently kills tumor cells (viability 3.5%). (g and
h) When PSMA-negative PC3 cells are used under the same condition as that in (e and f), a
negligible therapeutic effect is observed (viability 99.6%), illustrating the specificity of the
aptamer targeted GNRs.
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