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ABSTRACT: Porous silica-coated hollow gold—silver nanoshells were successfully
synthesized utilizing a procedure where the porous silica shell was produced prior to the
transformation of the metallic core, providing enhanced control over the structure/
composition of the bimetallic hollow core. By varying the reaction time and the precise
amount of gold salt solution added to a porous silica-coated silver-core template solution,
composite nanoparticles were tailored to reveal a readily tunable surface plasmon
resonance that could be centered across the visible and near-IR spectral regions (~445—
800 nm). Characterization by X-ray photoelectron spectroscopy, energy-dispersive X-ray
spectroscopy, scanning electron microscopy, and transmission electron microscopy
revealed that the synthetic methodology afforded particles having uniform composition,
size, and shape. The optical properties were evaluated by absorption/extinction
spectroscopy. The stability of colloidal solutions of our composite nanoparticles as a
function of pH was also investigated, revealing that the nanoshells remain intact over a
wide range of conditions (i.e, pH 2—10). The facile tunability, enhanced stability, and
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relatively small diameter of these composite particles (~110 nm) makes them promising candidates for use in tumor ablation or

as photothermal drug-delivery agents.
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B INTRODUCTION

Noble metal nanoparticles display a strong surface plasmon
resonance (SPR) in which the frequency of incident photons is
in resonance with the collective oscillation of the conduction
band electrons at the surface of the metal.' Due to SPR, these
nanoparticles can be designed to provide a strong light
absorption that characteristically peaks within a broad range
of wavelengths from the UV to the near-infrared, depending on
the nature of the metal and the size and geometry of the
particle.” For gold nanospheres, the SPR peak appears at
~520—640 nm, depending on the particle size,® while that for
silver nanospheres falls in the range of ~390—460 nm.* Metal
nanoshells are unique nanoparticle structures that have received
a significant amount of attention because their tunable SPR
bands have provided an additional means of targeting efficient
light absorption and scattering. For example, the SPR peak
position of gold nanoshells having a silica core and diameters
less than 200 nm can be shifted from 600 to 1000 nm by simply
varying the shell wall thickness and core size.”> This ability to
tune the SPR by designing nanoshells to absorb and scatter
specific wavelengths of electromagnetic radiation allows
researchers to target a specific window of absorption or
scattering, depending on the desired application. Examples of
how this type of tunability has proven useful can be found in
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the irradiation of subcutaneous nanoshells and nanorods by
near-IR (NIR) wavelengths, which can penetrate into human
tissue and cause little or no direct damage to the human body
(~800—1300 nm).

While the absorption/scattering characteristics of these
particles can be used to produce effective contrast agents for
imaging, the heat associated with SPR absorption can be used
in photothermal therapeutics (e.g, tumor ablation or drug
delivery).>~® Consequently, nanoparticles that absorb or scatter
in the near-IR have received considerable attention due to their
potential use in biomedical applications.”'® Importantly, the
bioavailability of nanoparticles generally increases with
decreasing size;'! however, strategies for producing small gold
nanoshells having NIR extinctions are relatively rare.'*~'*

In 2011, Vongsavat et al. demonstrated a two-step synthesis
procedure for the fabrication of hollow gold—silver nanoshells
having diameters that ranged from 40 to 100 nm." According
to this protocol, the hollow nanoshells were derived from silver
nanoparticles that were synthesized by the reduction of silver
nitrate using sodium citrate. The resulting silver particles were
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then used as templates to produce hollow gold—silver
nanoshells via galvanic replacement by the addition of a gold
salt solution to the nanoparticle solution. By varying the
addition conditions (i.e, amount of gold salt solution and
exposure time), the authors showed that the content of gold in
the nanoshells can be adjusted along with the position of the
SPR band, providing a means of tuning the absorption of light
across the visible and into the NIR range."” The study also
provided useful data showing the relationships between particle
size, metal content, and the SPR band position. Notably,
potential applications of these types of nanostructures are
described in recent studies of similar hollow gold nanoshells
that are being successfully employed in photothermal
therapies.'®"”

Nevertheless, unmodified hollow gold—silver nanoshells, like
many uncoated (nonpassivated) metal nanostructures, are
prone to agglomeration/precipitation."® One commonly used
approach for applications in vivo that generally addresses this
concern has been to encapsulate the nanoparticles in a coating
of polyethylene glycol (PEG). However, Goodman et al.
recently reported that PEG-coated hollow gold—silver nano-
shells are unstable under acidic conditions, and also subject to
decomposition in vivo."” This research team studied both
uncoated and PEG-coated hollow gold—silver nanoshells,
testing these samples under various pH conditions (pH = 2—
10) for 24 h. Their studies found that these specialty nanoshells
broke apart at low pH, even when the nanoshells were
protected with PEG coatings.

Numerous alternative strategies for stabilizing nanoparticles
are known.'®*® One popular approach used in nanoparticle-
based drug-delivery applications involves encapsulating the
metal surfaces within a thin layer of silica—a shell that typically
produces a negatively charged surface in aqueous media,"**"**
thereby enhancing colloidal stability by electrostatic means.*
Importantly, silica nanoparticles show low systemic toxicity
when capped with a variety of agents (e.g, polyvinylpyrroli-
done, PVP) and even when uncoated in aggregate form.>*
Importantly, the surface of silica can be easily modified by
various functional groups using conventional silane chemistry,
providing a means of further passivating the surface and
enabling a variety of applications.”*">® A dense silica shell can,
however, limit the access of small molecules and metal ions to
the metal core. In contrast, encapsulation of the metal cores
within porous silica shells enables penetration of these species
through the shell while simultaneously inhibiting nanoparticle
aggregation. 18,2930

We wished to use this approach to fabricate silica-coated
gold—silver nanoshells with tunable extinctions and enhanced
colloidal stability in aqueous solution, with the ultimate §oal of
using them for photothermal ablation or drug delivery.””® An
example of a similarly structured composite nanoparticle can be
found in the work of Soulé et al,*' who prepared mesoporous
silica-coated hollow gold—silver nanoshells using a sol—gel
surfactant-templating method in which the bimetallic nanoshell
cores were generated prior to the growth of the silica shell.
Importantly, the composite diameter of the nanoshells in these
pioneering studies was ~300 nm, which is too large for many
biomedical applications. Specifically, particles with diameters of
100—200 nm exhibit the greatest potential for prolonged
circulation in the human body because they are large enough to
avoid uptake by the liver and small enough to avoid filtration by
the spleen.”

For the current investigation, we used a new procedure in
which a porous silica coating modulates the overall size and
interfacial structure of the resulting encapsulated composite
nanoshells and affords precise control over the exposure of the
precursor silver nanoparticle cores to a reactive gold salt
solution, providing a facile means of tuning the position of the
SPR band by controlling the extent of the galvanic reaction. We
also compared the results from this new synthesis route to
those obtained using the alternative synthesis strategy in which
the gold—silver core is formed before coating with silica.*" As a
whole, the comparison shows that the hollow gold—silver
nanoshells produced via the new procedure exhibit enhanced
uniformity in size and shape. Additionally, we found that the
silica layer protected the hollow gold—silver nanoshells from
decomposition over a wide range of pH conditions, enabling
their use in nanomedicinal applications ranging from diagnostic
imaging to photothermal therapeutics.

B EXPERIMENTAL SECTION

Materials. Silver nitrate (AgNO;; Aldrich), trisodium citrate
dihydrate (NaCit; EM Science), potassium carbonate (K,COj5;
Aldrich), hydrogen tetrachloroaurate(IlI) hydrate (HAuCl,-H,O;
Strem), nitric acid (HNOs; EM Science), hydrochloric acid (HCl;
EM Science), ammonium hydroxide (NH,OH; EM science), sodium
hydroxide (NaOH; EM Science), tetraethylorthosilicate (Aldrich), and
polyvinylpyrrolidone (PVP, MW ~55,000; Aldrich) were purchased
from the indicated suppliers and used without modification. Water was
purified to a resistance of 18 MQ (Academic Milli-Q Water System;
Millipore Corp.) and filtered using a 0.22 um filter. All glassware used
in the experiments were cleaned in an aqua regia solution (3:1 HCl/
HNO;) and dried in the oven prior to use.

Preparation of Silver Nanoparticle Cores. Silver nanoparticles
were prepared by one of the methods of Lee and Meisel that involves
the reduction of AgNO; by sodium citrate.*® An aliquot of AgNO,
(0.0167 g, 0.100 mmol) was dissolved in 100 mL of H,O. The solution
was brought to reflux, and then 2 mL of 1% trisodium citrate solution
was added under vigorous stirring. The solution was allowed to reflux
for 30 min. A yellow-green colored solution was formed, consistent
with the presence of silver nanoparticles. The solution was allowed to
cool to room temperature (rt) and then centrifuged at 6000 rpm for
20 min before the supernatant was removed. This residue was rinsed
twice with water. The aqueous solution containing the redispersed
nanoparticles was then passed through a 0.2 ym PET syringe filter.
This procedure generated monodisperse silver nanoparticles whose
sizes can be adjusted from 40 to 100 nm, depending on the
concentration of the reactants.

Preparation of Porous Silica-Coated Silver Nanoparticles.
Two distinct steps were used to prepare porous silica-coated silver
nanoparticles (Ag@porous SiO, NPs). The first step involved coating
the silver nanoparticle cores with silica using an adaptation of the
procedure used by Stober et al. to prepare monodisperse silica
nanoparticles.>* In this process, 10 mL of silver nanoparticle solution
were mixed with ammonium hydroxide (2 mL) and ethanol (22 mL).
Under vigorous stirring, 25 uL of TEOS was added to this solution.
The mixture was then further stirred overnight at rt to allow the silver
cores to be encapsulated by the silica shells. The solution was then
centrifuged at 4000 rpm for 20 min, and the isolated particles were
redispersed in 20 mL of water. The centrifugation and redispersion
steps were repeated five times, leading to the isolation of the silver
nanoparticles coated with silica (Ag@SiO, NPs).

The second step involved coating the Ag@SiO, NPs with PVP
followed by etching to form the porous shell, as reported by Zhang et
al* This process leads to porous silica having average pore sizes that
range from 2.4 to 5.6 nm, depending upon the etching time.*>*° In
this process, the Ag@SiO, NP solution was mixed with 0.5 g PVP
under sonication for 30 min and then refluxed at 90 °C for 3 h to form
PVP-protected silica-coated silver nanoparticles (Ag@SiO,—PVP
NPs). After cooling the solution to rt, 0.4 mL of 1% NaOH solution

dx.doi.org/10.1021/am505424w | ACS Appl. Mater. Interfaces 2014, 6, 19943—19950



ACS Applied Materials & Interfaces

Research Article

was added to the mixture to initiate the etching process, and the
mixture was then stirred vigorously for 2 h. The resulting particles
were purified by centrifugation at 4000 rpm for 20 min followed by
redispersion in water. The centrifugation and redispersion steps were
then repeated five times.

Preparation of Porous Silica-Coated Hollow Gold—Silver
Nanoshells. To produce the final porous silica-coated hollow gold—
silver nanoshells (Au—Ag@porous SiO, nanoshells), a basic solution
of gold salt (K—gold solution) was prepared using the method
reported by Oldenburg et al®® Specifically, 0.025 g of potassium
carbonate (K,CO,) was added to 100 mL of Milli-Q water, which was
then infused with 2 mL of 1% HAuCl,-H,O solution. The mixture,
which was initially yellow in color, became colorless 30 min after the
reaction was initiated. The flask was then covered with aluminum foil
to shield it from light, and the solution was stored in a refrigerator
overnight.

To determine the best parameters for producing the final composite
particles, we added defined aliquots of the K—gold solution to a
defined amount of the Ag@porous SiO, NP solution. Each solution
was continuously stirred, and the SPR band was monitored over time
by UV—visible (UV—vis) spectroscopy until the SPR band stopped
shifting to longer wavelengths. The results reported herein started with
~2 mL aliquots of Ag@porous SiO, NP solution placed in several
small vials that each contained a small stirring bar. A ~2 mL aliquot of
K—gold solution was added to each of the vials, and the mixture was
vigorously stirred. The resulting mixture was purified by centrifugation
at 4000 rpm for 20 min, and the supernatant was then decanted. Milli-
Q water was added, and the centrifugation and decantation steps were
repeated two more times. The isolated composite particles were
redispersed in water prior to characterization.

Characterization Methods. The morphology of the obtained
particles was evaluated using a LEO-1525 scanning electron
microscope (SEM) operating at an accelerating voltage of 15 kV. To
obtain high-resolution SEM images, all samples were deposited on
silicon wafers. Similarly, the size and morphology of the particles were
evaluated by employing a JEM-2000 FX transmission electron
microscope (TEM) operating at an accelerating voltage of 200 kV.
All TEM samples were deposited on 300 mesh holey carbon-coated
copper grids and dried overnight before analysis. Energy-dispersive X-
ray spectroscopy (EDX) measurements were collected using an
Oxford EDX attached to the TEM microscope. X-ray photoelectron
spectroscopy (XPS) spectra were collected using a PHI $700 XPS
instrument equipped with monochromatic Al Ka X-ray source. The
XPS-derived atomic concentration was calculated by standard XPS
processing software (Multipak). UV—vis spectra were obtained using a
Cary 50 Scan UV—visible spectrometer over the wavelength range of
200—1000 nm.

Photothermal Studies. To explore the potential use of the
nanoparticles in photothermal treatment applications, 3.0 mL aliquots
of the porous silica-coated hollow gold—silver nanoshell solution were
loaded in quartz cuvettes and irradiated by a diode laser (AixiZ, CW
300 mW, 808 + 10 nm) at a power density of ~5 Wem™ for 10 min.
During the course of irradiation, the temperature of the suspension
was measured at 1 s intervals using a fiber optic temperature sensor
(Neoptix) with a temperature resolution of 0.1 °C. After exposure, the
spectrum of the nanoshells was immediately collected (within 30 s).

pH Stability Studies. The pH of the colloidal solutions was
adjusted using 0.1 M solutions of HCl and NaOH to obtain the
desired value (ie, 2, 3, 4, 6, 8, 10), and was measured with a pH meter
and pH test paper (Whatman). Glass sample vials were prepared for
each pH-adjusted colloidal solution (3.5 mL), along with the
unadjusted standard (pH 7), and placed on a Vari-Mix Test Tube
Rocker for 24 h. After 24 h, the optical properties of the composite
nanoshells were measured by UV—vis spectroscopy, and then the
particles were separated from their supernatant by centrifugation at
4000 rpm for 20 min followed by redispersion in water for further
characterization.

Bl RESULTS AND DISCUSSION

Synthetic Strategy. The strategy used to prepare our
porous silica-coated hollow gold—silver nanoshells is illustrated
in Scheme 1. For comparison, the results obtained via an

Scheme 1. Strategy for the Synthesis of Porous Silica-Coated
Hollow Gold—Silver Nanoshells

Partial Ag Left
Au
AGNO, NaCit . TEOS @ PVP @ K-gold
NH,OH NaOH
SiO, Porous-SiO, Porous-SiO,

alternative strategy involving the formation of the hollow Au—
Ag nanoshell followed by coating with porous silica are
provided in the Supporting Information.

This visual summary of the formation of the bimetallic
hollow nanoshells provides perspective regarding the potential
of this methodology. The first step centers on the synthesis of
monodisperse silver nanoparticles. The second step involves
coating the silver nanoparticles with a silica layer to prevent
nanoparticle aggregation and enhance stability. The addition of
PVP in the third step provides a coating that partially protects
the silica surface from etching by base, effectively retarding the
etching process and allowing the controlled formation of a
porous silica surface as a function of time. Due to the presence
of the porous silica shell, the subsequent addition of K—gold
solution in the final step affords a gradual displacement of the
silver core by galvanic replacement without affecting the silica
overlayer. This route led to greater nanoparticle uniformity and
improved morphological consistency than the alternative route
described in the Supporting Information (Scheme S1 and
Figure S1). Regarding the galvanic reaction, because the
standard reduction potential of the Au**/Au pair (0.99 V vs
standard hydrogen electrode, SHE, for AuCl,-) is higher than
that of the Ag*/Ag pair (0.80 V vs SHE), Ag can be oxidized
into Ag" when the silver nanostructures and the K—gold
solution are in contact (eq 1),* and the gold salts can be
reduced to Au’, allowing the gold to blend into the metal shell
structure.

3Ag + AT - 3Ag+ + Au (1)

Size and Morphology of the Porous Silica-Coated
Silver Nanoparticles. Both SEM and TEM were used to
follow the development of the morphologies and particle
growth patterns of the silica-coated silver nanoparticles and
porous silica-coated silver nanoparticles. Figure lab shows
uniform Ag@SiO, NP structures with a total diameter of 108 +
10 nm and a shell thickness of ~25 nm. After the addition of
the NaOH solution to the Ag@SiO,—PVP NP solution to
initiate the etching process, the porous silica structure was
formed. A prior report states that etching starts from the
interior, where there is no interaction with the PVP coating,
and extends to the outer surface.”® Our images appear to show
that the porosity of the silica shells is uniform. Further, when
compared to the images in Figure 1, panels a and b, the images
in panels ¢ and d show that the porous silica NPs retain the
shape and dimensions of the nonporous structures.

Surface Composition of the Porous Silica-Coated
Silver Nanoparticles. XPS data show the surface composition
of the Ag@SiO, NPs and the Ag@porous SiO, NPs (Table 1).
The data are consistent with the anticipated presence of carbon,
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Figure 1. () SEM and (b) TEM images of the nonporous Ag@SiO,
NPs; (c) SEM and (d) TEM images of the Ag@porous SiO, NPs.

Table 1. XPS-Derived Atomic Composition of the
Nanoparticles

atomic concn (%)%

Si/Ag
sample N C (0] Si  Ag ratio
Ag@SiO,—PVP NPs (before 3 36 4 15 3 S
etching
Ag@SiO,—PVP NPs (after 3 45 38 10 3 3
etching)

“Atomic concentrations were calculated in Multipak.

nitrogen, oxygen, silicon, and silver. Prior to etching, the Si/Ag
ratio was 5:1. However, after the addition of the etchant, the Si/
Ag ratio changed to 3:1. Based upon these data, we conclude
there is a distinct reduction in silica content as a consequence
of the etching process.

Size and Morphology of the Porous Silica-Coated
Hollow Gold—Silver Nanoshells. Figure 2 shows both SEM
and TEM images of the Au—Ag@porous SiO, nanoshells after
subjecting the porous SiO,-coated Ag nanoparticle cores to
galvanic replacement for 24 h. These images reveal that the
inner solid Ag core has been converted to a core/shell
structure, a change that occurred upon adding the K—gold
solution, where the gold ions underwent reaction with the

Figure 2. (a) SEM image of porous silica-coated hollow gold—silver
nanoshells after 24 h of galvanic replacement; (b) TEM image of a
single porous silica-coated hollow gold—silver nanoshell after 24 h of
galvanic replacement.

metallic silver nanoparticle cores. At the same time, the Ag core
was partially oxidized and dissolved into solution. The hollow
morphology is particularly evident in Figure 2b.

Composition of the Porous Silica-Coated Hollow
Gold—Silver Nanoshells. EDX data reveal the elemental
composition of the Au—Ag@porous SiO, nanoshells after
subjecting the porous SiO,-coated Ag nanoparticle cores to
galvanic replacement for 24 h. The spectrum in Figure 3
confirms the presence of gold (Ma and La peaks at 2.12 and
9.71 keV, respectively), silver (La and Lf peaks at 3.05 and
3.20 keV, respectively), and silica (Ka peak at 1.74 keV). Also, a
copper peak is observed that is associated with the supporting
copper grid used for analysis. Additionally, Table 2 shows the
EDX-derived atomic composition of key atomic components of
the nanoshells, along with the molar ratio of Ag to Au, which is
5.9:1.0.

Optical Properties of the Porous Silica-Coated Hollow
Gold—Silver Nanoshells. Figure 4 shows the extinction
spectra for the Au—Ag@porous SiO, nanoshells taken at
various times during exposure of the Ag@porous SiO,
nanoparticles to the K—gold solution. Before adding K—gold
solution, the porous silica-coated silver nanoparticles exhibited
a relatively sharp SPR peak at ~445 nm. After adding the K—
gold solution, the SPR maximum shifted from ~445 nm up to
~800 nm, depending on the agitation time. After 24 h, the SPR
band stopped shifting, which was taken to indicate that the
bimetallic shells achieved a stable composition/structure. The
observed red shift can be attributed to both the replacement of
silver by gold and the generation of a metallic shell structure
having a hollow dielectric core.”*® Prior studies of the
formation of Au—Ag nanoshells or nanostructures (absent an
overlying silica shell) have found that a thin layer of gold
initially deposits on the surface of the silver core of the
nanoparticle, followed by the oxidation of the silver core and its
partial dissolution into the surrounding solution, forming a
hollow structure.”*®

The broadness of the SPR band and its peak position depend
not only on the metal content of the core, but also on the
distribution of metal shell sizes and the thickness of the
shell.*** Importantly, our porous silica-coated hollow gold—
silver nanoshells exhibit their maximum SPR peak in the NIR
region upon completion of the formation of the shell/hollow
core structure, which renders them attractive for use in various
theranostic applications.'®'%!74

Photothermal Properties of the Porous Silica-Coated
Hollow Gold—Silver Nanoshells. Figure S provides insight
into the photothermal properties of the Au—Ag@porous SiO,
nanoshells. The composite nanoparticles were irradiated with a
NIR laser emitting light at a wavelength of 808 nm. The
temperature of the aqueous solution containing the porous
silica-coated hollow gold nanoshells was measured at intervals
of 30 s over a period of 10 min and increased from 24 to 36 °C
over this time frame. These measurements reveal a potential for
photothermal applications for such hollow bimetal nanoshell
structures; moreover, the collective data suggests that the light-
activated thermal response can be modulated by adjusting the
time of exposure of the Ag@porous SiO, NPs to the K—gold
solution.

Stability of the Porous Silica-Coated Hollow Gold—
Silver Nanoshells as a Function of pH. Figure 6a illustrates
the stability of the Au—Ag@porous SiO, nanoshells after 24 h
of exposure under various pH conditions. Notably, the SPR
peak at pH 10 (~770 nm) is slightly blue-shifted from our
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Figure 3. EDX of the porous silica-coated hollow gold—silver nanoshells after 24 h of galvanic replacement.

Table 2. EDX-Derived Atomic Composition of the
Nanoshells after 24 h of Galvanic Replacement

weight (%)

molar ratio

sample Si (¢) Ag  Au Ag/Au
Au—Ag@porous SiO, nanoshells 8 1S S1 16 S9
1.4 = 0 min
——10 min
1.24 20 min

1.0

Extinction (a.u.)

0.0

200 300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 4. UV—vis spectra of porous silica-coated hollow gold—silver
nanoshells as a function of the amount of time after adding K—gold
solution to the Ag@porous SiO, NP solution.

“standard” sample at pH 7 (~800 nm), which indicates that the
nanoshells are largely robust up to pH 10. Furthermore, the
observed blue shift probably reflects changes in the refractive
index of the material surrounding the Au—Ag nanoshell core
related to the partial dissolution of the silica shell under basic
conditions.**~* With the loss of silica, small molecules such as
water can penetrate the silica shell around the gold—silver
nanoshell cores, changing the refractive index of the materials in
contact with these cores.** For the materials involved, the
refractive index of water is 1.33,* which is smaller than that of
silica at 1.46.*° However, Rayss et al. reported that the
refractive index of a silica surface increases with an increase in
the concentration of adsorbed cations.*” Such an increase
occurs with an increase in pH, and as the pH of the nanoshell
solution is raised above pH 7, there is a notable increase in
adsorbed cations. However, this effect is counter to the trend
observed in our data and is apparently minimal compared to
the change in the silica shell refractive index associated with the

38

36:
34
32:
30:

28 4

Temperature (°C)

264

"

22 T T
0 2 4 6 8 10

Time (mins)

Figure S. Temperature of aqueous solution containing silica-coated
hollow gold—silver nanoshells developed by galvanic replacement for
24 h (red @) and subsequently exposed to NIR laser irradiation.
Measurements were collected at 30 s intervals over 10 min and
compared to the response of pure water () upon exposure to the
laser.

partial loss of silica from the shell via dissolution under mildly
basic conditions.

In contrast, the extinction spectra for colloidal solutions over
the range of pH 8 to pH 4 show a small red shift in peak
position (from ~800 to ~820 nm, respectively). Notably, the
observed red shift can be attributed to a decrease in the surface
charge of the silica shell as the charge on these composite
nanoparticles begins to approach the isoelectric point of silica
(~pH 2).*® Absent a sufficient charge to maintain particle
separation, some of the particles are likely to form aggregates,
causing the SPR peak to shift to slightly longer wavelengths.*’
Further, the intensity of the SPR bands for the nanoshell
solutions at pH 2 and pH 3 decrease dramatically, and the peak
positions are more noticeably red-shifted (by ~60 nm), which
is consistent with a model in which the nanoshells aggregate
and precipitate as the pH of the solution reaches the isoelectric
point of silica.**

Importantly, for the sample held at pH 2 for 24 h, we
subsequently increased the pH to 8 by adding mild base
(NH,OH) and observed that the extinction band substantially
recovered to its original position and intensity (Figure 6b);
similar behavior was observed for the sample held at pH 3 for
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Figure 6. (a) UV—vis spectra of porous silica-coated hollow gold—silver nanoshell solutions upon exposure to various solution pH values for 24 h.
(b) UV—vis spectra of porous silica-coated hollow gold—silver nanoshell solutions after 24 h at pH 2 before and after adding NH,OH to adjust the
pH to 8. (c) TEM image of the porous silica-coated hollow gold—silver nanoshells after exposure to a solution at pH 2 for 24 h. (d) TEM image of
the porous silica-coated hollow gold—silver nanoshells that were exposed to a pH 2 solution for 24 h and subsequently adjusted to pH 8 by adding
NH,OH. Each spectral plot includes a standard solution of the porous silica-coated hollow gold—silver nanoshells (pH 7) that was not subjected to

any pH adjustment.

24 h (Supporting Information). These observations are
consistent with a model in which the surface charge on the
silica coatings was restored by the addition of mild base.***’
Additionally, the TEM images of the silica-coated nanoshells
that were exposed to pH 2 for 24 h show that the Au—Ag
nanoshells remain intact inside the porous silica shell coating
(Figure 6¢), in contrast to previously studied Au—Ag
nanoshells having no silica coating.'* Notably, the TEM images
of these nanoshells after adjusting the solution to pH 8 show
that they retain their shape and morphology (Figure 6d).
Colloidal recovery studies of the nanoshells held at pH 3 for 24
h are provided in the Supporting Information.

B CONCLUSIONS

Porous silica-coated hollow gold—silver nanoshells (Au—Ag@
porous SiO, nanoshells) with diameters of 108 + 10 nm were
synthesized and characterized by UV—vis, SEM, TEM, XPS,
and EDX. The synthetic strategy used to prepare these
composite nanoshells led to particles with greater uniformity
when compared to those produced via an alternative route used
to prepare similar composite particles. The optical properties of
the composite nanoshells show that the most intense peak
associated with the SPR band can shift from the visible to the
NIR range (~445—800 nm) depending on the extent of
exposure of the PVP-protected silica-coated silver nanoparticle
cores to K—gold salt solution. Additionally, irradiation of an
aqueous solution of the Au—Ag@porous SiO, nanoshells with a
NIR laser (808 nm) generated sufficient heat to increase the

19948

temperature of the solution from 24 to 36 °C after 10 min of
exposure to the beam, which indicates that they have a strong
photothermal response, making them good candidates for
nanomedicinal applications. This conclusion is further
supported by the observation that these nanoshells remain
intact in aqueous solution for 24 h over a wide range of pH
conditions. These results, along with the tunability of the
bimetallic nanoshell cores, should generate interest among
researchers seeking versatile nanoparticles for projects such as
targeted photothermal therapeutic treatments, light-activated
drug-delivery release mechanisms, or photocatalysis reactions
that are initiated by visible or NIR light.
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