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ABSTRACT: Metal@dielectric composite nanostructures are
of high demand for their vast technological applications. The
Stober method, either in its original form or by modification,
has been utilized for the fabrication of silica shells over metal,
semiconductor, or even dielectric nanostructures, with the aim
to protect them from degradation, enhance their biocompat-
ibility, or use them for molecular anchoring. However, the
stability of silica shells and the dispersion of core—shell
nanostructures remain the main limitations for their efficient
applications. Here we demonstrate that utilization of ultra-
sound during hydrolysis and condensation of the metal—
organic silicon precursor in Stober process can produce stable
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and uniform silica shell layers around gold nanoparticles, enhancing both their stability and dispersion. Through transmission
electron microscopy and infrared spectroscopy techniques, we demonstrate that the Au@SiO, nanoparticles fabricated with
ultrasound treatment during silica shell growth contain a lower content of silanol (Si—OH) groups, which are principally
responsible for the instability of silica-coated metal nanostructures. The core—shell structures fabricated by ultrasound-assisted
hydrolysis using prefabricated Au nanoparticles are well-dispersed, uniform in size, and protected from further hydrolysis in
aqueous media, including simulated body fluid. The method applied to fabricate silica-coated Au nanoparticles can be utilized to
fabricate other silica-coated metal nanoparticles to enhance their chemical and thermal stability.

B INTRODUCTION

Plasmonic nanostructures coated with dielectric shells have
been widely studied for their use in dye-sensitized solar cells
(DSSCs),' ™ shell-isolated nanoparticles-enhanced Raman
spectroscopy (SHINERS),* and the fabrication of plasmon-
enhanced fluorescent devices.”~” Both the surface plasmon
resonance (SPR) of the plasmonic nanostructures and the
physicochemical properties of the dielectric materials such as
their optical transparency in the visible spectral region, thermal
stability, and chemical inertness have been explored. For most
plasmon-enhanced fluorescence applications, SiO, is usually
chosen as the dielectric shell to protect the metal nanostruc-
tures from corrosion and to serve as a molecular anchor, owing
to its nontoxicity and facile fabrication via the Stober
method."""" On the contrary, for efficient electromagnetic
coupling of surface plasmons with fluorophores to facilitate
fluorescence enhancement upon quenching,'’ with the analytes
in SHINERS,"” or for plasmon coupling between metal
nanostructures,”'? the silica shell thickness should be thin.
Silica-coated gold nanoparticles (NPs) have also found
applications in biology and medicine. To give a few examples,
Au@SiO, rattle-type NPs have been utilized for bioimaging and
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therapeutics.'' Au-SiO, composite NPs and Au nanorods
coated with SiO, shell have been applied for photoswitched
drug delivery in phototherapy.>~"> Although the optimum
silica shell thickness of 2—4 nm and Au NPs of 120—135 nm
size range have been seen to produce highest near-field
enhancement manifesting the highest surface-enhanced Raman
signal,'® recently we have demonstrated that near-field
enhancement in Au@SiO, structures depend on both the
thickness of the shell layer and the size of plasmonic core.'”
While fabricating silica shells over metallic nanostructures, we
must consider that the affinity of silica with metal surface is low
for some metals like gold, and the common stabilizing agents
used for fabricating metal nanostructures make them
vitreophobic.'® Therefore, prior to shell fabrication, the metal
surface should be functionalized with agents that stabilize the
nanostructures and have high affinity to silica. One of the
common approaches in this regard is the use of (3-
aminopropyl) trimethoxysilane (APS), a silane coupling
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agent. Thin silica shells of 2—4 nm thick could be grown over
Au NPs through controlled polymerization of active silica over
the metal surface by adding sodium silicate solution to the
colloid, maintaining its pH between 10 and 11.'*"’ Never-
theless, the surface of the silica shells fabricated by this method
is rough, and the ultimate products are aggregated. The other
approach used to fabricate thin silica shells over metal NPs is by
modifying the Stober method.”® In this method, the metal
nanostructures can be functionalized with a thiolated polyether,
which also has high affinity to tetraethyl orthosilicate (TEOS),
the silica precursor. Hydrolysis and condensation of TEOS over
the metal surface lead to the formation of silica shells from a
few to hundreds of nanometers in thickness. However,
frequently the resulting nanostructures are aggregated,
especially in the case of thinner silica shells."'

Although substantial progress has been made on the
fabrication and size control of silica-coated plasmonic
nanostructures during the past decade and a half,”' =’ there
exists no report in the literature on the stability of the silica
shell of those nanostructures, especially in biological or body
fluid media. Nevertheless, in 2010, Wong et al. demonstrated
that the silica shells fabricated over gold NPs (Au@SiO,)
through the conventional Stober method are chemically
inhomogeneous in their structure and soluble even in hot
water due to their low chemical stability.”* The chemical
inhomogeneity of the silica shells fabricated by conventional
Stober method is the result of slow hydrolysis of TEOS, the
commonly used silicon precursor, resulting in TEOS derivatives
with one to four hydroxyl groups (Figure la), and their slow
condensation (Figure 1b). These silica shells are formed with a
gradient of increasing chemical stability as the TEOS
derivatives are gradually deposited and condensed over the
Au surface (Figure 2). Therefore, silica shells of a few
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Figure 1. (a) Generation of TEOS derivatives through hydrolysis and
(b) condensation of two TEOS derivatives.
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nanometer thickness fabricated by the conventional Stober
method can be highly unstable in aqueous biological media.
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Figure 2. Schematic presentation of the chemical inhomogeneity in a
silica shell lattice formed over a metal nanoparticle by the Stober
method.

Wong et al. have also demonstrated that heating the reaction
solution during shell fabrication or incubation in a TEOS
solution after shell fabrication at 60 °C for 10 h enhances the
stability of the silica shells (preventing shell etching).”*
Thermal treatment during shell growth is believed to enhance
the cross-linking of the silica matrix, that is, transforming the
remaining silanol groups (Si—OH) to siloxane groups (Si—O—
Si), causing overall shell hardening.

Although a considerable number of publications on the
fabrication and application of silica shell over metal
nanostructures exist in the literature,”'*'*7>° most of them
present TEM images as evidence of the formation of core@
shell structures without discussing their stability. On the
contrary, these composite nanostructures are frequently
interconnected or aggregated, especially in the case of thinner
silica shells due to their chemical instability."'”"**5*° Because
the optical properties of aggregated NPs are quite different
from those of dispersed ones, aggregation processes make them
unusable for photonic and biomedical applications.'****’

In this work, we present a modified Stober method for the
synthesis of thin silica shells over prefabricated monodispersed
gold NPs, in which ultrasonic (US) treatment during the TEOS
hydrolysis affords more stable silica shells, preventing the
aggregation of the Au@SiO, NPs during shell formation. The
utilized fabrication process produced stable, well-dispersed
Au@SiO, NPs of uniform size, which are stable not only in hot
water but also in simulated body fluid (SBF) media.

B EXPERIMENTAL METHOD

Materials. Gold(III) chloride (HAuCl,-H,O, 99.999%),
sodium borohydride (NaBH,, 99.99%), L-ascorbic acid (AA,
>99%), cetyltrimethylammonium chloride solution (CTAC, 25
wt % in H,0), and cetyltrimethylammonium bromide (CTAB,
>99%) used for the synthesis of gold NPs were purchased from
Sigma-Aldrich, Mexico. TEOS (>99%) and poly(ethylene
glycol) methyl ether thiol (mPEG-t, av. M,, = 6000) from
Sigma-Aldrich, ammonium hydroxide (NH,OH, aq. sol. 10—
35%) from Quimivita, and absolute ethanol (99.9%) from
Scharlau were used for silica shell fabrication.
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Figure 3. (a) Experimental (black solid line) and theoretical (red dashed line) absorption spectra and (b) a typical TEM image of the as-synthesized
gold nanoparticles. Size distribution histogram of the particles is presented as inset.

Sodium hydrogen carbonate (NaHCO;), potassium chloride
(KCl), potassium phosphate dibasic trihydrate (K,HPO,-
3H,0), magnesium chloride hexahydrate (MgCl,-6H,0), and
calcium chloride (CaCl,) all from CTR Scientific, sodium
chloride (NaCl) from Omnichem, sodium sulfate (Na,SO,,
anhydrous) from J. T. Baker, tris(hydroxymethyl) amino-
methane ((CH,0OH),CNH,) from Sigma-Aldrich, and hydro-
chloric acid (HCI) from Meyer were used for preparing SBF
solution.

Deionized (DI) water (18.2 MQcm, Millipore) was used for
the preparation of solutions. All chemicals were utilized as
received without further purification or processing.

Synthesis of Gold Nanoparticles. Monodispersed Au
NPs used as cores in core@shell NPs were fabricated through a
successive seed-mediated growth grocess, following the
procedure reported by Zheng et al.”* First, nanometric Au
clusters were prepared by chemical reduction of HAuCl, using
NaBH, as the reducing agent and CTAB as the stabilizing
agent. In brief, 600 uL of a freshly prepared aqueous solution of
NaBH, (10 mM) was quickly added to 10 mL of an aqueous
solution of CTAB (100 mM) and HAuCl, (0.25 mM) mixture,
resulting in a brownish solution. Then, for the synthesis of Au
NPs of ca. 10 nm average diameter, 2 mL of an aqueous
solution of HAuCl, (0.5 mM) was rapidly added to 22 mL of
aqueous solutions of CTAC (18.8 mM) containing 1.5 mL of
AA (100 mM) and S0 uL of the freshly prepared Au cluster
solution under magnetic stirring, resulting in a yellowish
mixture. The solution color gradually turned from yellowish to
red. The product was centrifuged twice at 10 000 rpm for 1 h
and redispersed in 1 mL of an aqueous CTAC solution (20
mM). Finally, to increase the size of the previously synthesized
Au NPs to ca. 50 nm, 40 mL of an aqueous HAuCl, solution (5
mM) was slowly injected (20 mL/h) to an aqueous CTAC
solution (200 mM) containing 3.24 mL of an AA solution (100
mM) and 150 uL of the as-prepared colloid of Au NPs (ca. 10
nm). During HAuCl, solution injection, the color of the colloid
solution gradually turned from red to purple. The injection
process was stopped when the solution color changed suddenly
to deep translucent red. The product was centrifuged twice at
3000 rpm for 15 min and redispersed in S mL of an aqueous
CTAC solution (25 mM). The whole synthesis process was
performed at room temperature.

Fabrication of the SiO, Shells. Silica shells were
fabricated over the as-prepared Au NPs (ca. SO nm) using
the Stober method” assisted by ultrasonication. Prior to SiO,
shell fabrication, the Au NPs were functionalized with mPEG-t
and transferred to ethanol. For that, 10 mL of a colloidal Au
solution ([Au’] = 0.5 mM) was centrifuged twice and
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redispersed in an aqueous CTAC solution (1.0 mM) of the
same volume. Then, 0.5 mg of mPEG-t diluted in 1.5 mL of DI
water was added dropwise to the colloid under vigorous stirring
and left overnight under moderated stirring. After 12 h, the
colloid was centrifuged twice and redispersed in 10 mL of
ethanol. All centrifugation steps were performed at 3000 rpm
for 15 min. mPEG-t binds strongly to the surface of the NPs via
metal—S bonding, providing stability to the Au NPs in ethanol.
On the contrary, the polymer chains over the Au NP surface
have a good chemical affinity for TEOS.

For the synthesis of the silica shells, two solutions were
prepared separately. The first solution (solution 1) was
prepared by mixing 2.5 mL of the ethanol solution of Au
NPs, 1.35 mL of DI water, and 100 uL of NH,OH in 3.75 mL
of ethanol. The second solution (solution 2) was prepared by
adding 50 uL of TEOS to 7.4 mL of ethanol. Then, 300 uL of
solution 2 was added to solution 1. The reaction mixture was
kept under ultrasonic treatment (37 kHz, 80 W) for 2 h,
maintaining the temperature of the water bath fixed at 20 °C.
After that period, the solution was centrifuged twice at 3000
rpm for 15 min with ethanol; finally, the product was
redispersed in 1.5 mL of ethanol for characterization. Another
sample was prepared following the same procedure but keeping
the water temperature of the ultrasonic bath at 40 °C. Two
control samples were also prepared at 20 and 40 °C without
ultrasonic treatment. The prepared samples were designated as
AuSiO, 20 (at 20 °C without US treatment), AuSiO, 40 (at
40 °C without US treatment), AuSiO, US 20 (at 20 °C with
US treatment), and AuSiO, US 40 (at 40 °C with US
treatment). An ultrasonic bath from Elma Schmidbauer (s30
Elmasonic) was used during the silica layer growth (modified
Stober method) over the prefabricated Au NPs. The temper-
ature of the ultrasonic-bath (containing water) was controlled
by a refrigerated recirculating bath.

Chemical Stability Test. The chemical stability (resistance
toward decomposition through hydrolysis) of the silica shells
formed over the Au NPs was assessed through the standard test
as described by Wong et al.”* In brief, 0.5 mL of the Au@SiO,
colloid was poured in 1.5 mL of DI water and heated to 90 °C
for 24 h.

The stability of the composite structures was further tested in
SBF at average body temperature (37 °C). The SBF was
prepared following the procedure reported by Uribe-Madrid et
al.”” In brief, 350 mg of NaHCO3, 224 mg of KCl, 228 mg of
K,HPO,, 305 mg of MgCl,, 278 mg of CaCl,, 71 mg of
Na,SO,, 7.99 g of NaCl, and 6.06 g of (CH,OH);CNH, were
all dissolved in 500 mL of DI water. Then, 40 mL of 1 M HCl
was added to the mixture solution. The total volume of the
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Figure 4. Absorption spectra of the (a) Au@SiO,_20 and Au@SiO, US 20 and (b) Au@SiO,_40 and Au@SiO,_US_40 samples compared with
those of bare Au NPs. Absorption spectra of the (c) Au@SiO,_ 20 and Au@SiO, 40 and (d) Au@SiO, US 20 and Au@SiO, US_40 samples.

The spectra were normalized at 400 nm.
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Figure S. Typical TEM images and shell-thickness distribution histograms (insets) for the (a) Au@SiO, 20, (b) Au@SiO, 40, (c) Au@

SiO, US 20, and (d) Au@SiO,_US_40 samples.

mixture was adjusted to ca. 1 L by adding DI water so that the
final solution had pH 7.4.

Characterization. The absorption spectra of the gold and
silica-coated gold colloids were recorded in a Genesys 10S
(Thermo Scientific) UV—vis spectrophotometer in the wave-
length range from 400 to 800 nm in 0.5 nm steps. Apart from
monitoring the position of the SPR band, the absorption
spectra were utilized to theoretically calculate the average size
of the colloidal NPs before and after silica shell fabrication. A
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JEOL JEM 1010 transmission electron microscope (TEM) was
used to obtain images of the as-synthesized Au and Au@SiO,
NPs, which were used to determine the NP morphology and
their size distribution. Infrared transmittance spectra of the dry
samples were recorded in the 650—4000 cm™' range using a
PerkinElmer 100 FTIR spectrometer, equipped with a universal
ATR sampling accessory. For FTIR measurements, Au@SiO,
colloids were dried at room temperature for 1 h after their
separation from ethanol by centrifugation.

DOI: 10.1021/acs.jpcc.7b00933
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B RESULTS AND DISCUSSION

The absorption spectrum of the as-synthesized Au NPs (Figure
3a) presents the characteristic SPR absorption band of spherical
Au particles with a maximum at 532 nm. The experimental
absorption spectrum was fitted to the absorption spectrum
calculated by Mie-Lab,”® a Mie-theory-based simulation
program. The average particle size estimated from the
theoretical fitting was 52.0 + 1.7 nm. The formation of
spherical shaped uniform gold particles in the sample is clear
from the TEM image presented in Figure 3b. The size
distribution histogram of the NPs (inset of Figure 3b), obtained
by measuring their sizes from TEM images, revealed an average
size of $2.8 + 1.7 nm (3% size dispersion), which is very close
to the average size value estimated through the theoretical
fitting of the absorption spectrum of the sample.

The absorption spectra of the four Au@SiO, samples were
recorder after their synthesis. The spectra of the samples
prepared at 20 and 40 °C (with and without ultrasound
treatment) are presented in Figure 4a,b, respectively.
Absorption intensities of all spectra were normalized at 400
nm, where the absorption is mainly due to interband transitions
of gold atoms, to facilitate their comparison, as the
concentration of gold in all of the solutions was maintained
same.’! In general, the position of the SPR band for all samples
shifted to longer wavelengths with respect to that of the bare
NPs, indicating the formation of SiO, shells around the Au
NPs. Nevertheless, the shift of the SPR band position for the
samples prepared without ultrasound treatment is larger than
that observed for the samples prepared with ultrasound
treatment. Furthermore, their absorption bands are wider and
less intense. These changes in the absorption bands are the
possible consequences of the formation of thicker silica shells
or the enclosure of more than one Au NP in single silica shell.””
The increase in absorbance in the longer wavelength region of
the absorption spectra of the NPs prepared without US
treatment is due to their higher light scattering ability,
indicative of a possible increase in size’> (see Figure S1 of
the Supporting Information) or agglomeration of the NPs.*

To demonstrate the effect of reaction temperature on silica
shell growth, the absorption spectra of the samples fabricated
without US treatment at 20 and 40 °C are presented in Figure
4c. The position of the SPR band shifts toward longer
wavelength for the sample prepared at 40 °C, probably due to
the growth of a thicker silica shell. On the contrary, the samples
fabricated with US treatment have identical absorption spectra
(Figure 4d) regardless of the reaction temperature, demon-
strating that the thicknesses of the silica shells in both the
samples are very similar.

Typical TEM images of all four silica-covered colloidal gold
samples presented in Figure S confirm the formation of silica
shells over Au NPs. Both the US treatment and temperature of
reaction play important roles for controlling shell thickness and
agglomeration of the Au@SiO, NPs. As can be seen in Figures
Sab, the samples synthesized without US treatment, Au@
SiO,_20 and Au@SiO,_40, have shell thicknesses of 6.1 + 2.3
and 10 + 1.7 nm, respectively. Increasing the reaction
temperature yields a thicker shell due to an increase in TEOS
hydrolysis and condensation rates.”* However, agglomeration
of Au@SiO, NPs is observed in the both samples due to
interlinking of the silica shells of nearby NPs associated with
their chemical instability. Agglomeration of Au@SiO, NPs
enhances the interaction between their surface plasmons and
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hence shifts their SPR band position toward higher wavelengths
in their absorption spectra, as has been observed for the
samples fabricated without US treatment (Figure 4a,b). On the
contrary, the samples synthesized using US treatment, Au@
SiO, US 20 (Figure Sc) and Au@SiO, US_40 (Figure 5d),
present a similar shell thickness (10 + 1.6 and 9.7 = 1.9 nm,
respectively), indicating that the temperature is not a key
parameter for controlling silica shell thickness when the
reaction is performed under ultrasonic treatment. A good
dispersion of Au@SiO, NPs is expected in this case, as the
particles are in constant movement during ultrasonication.
The chemical stability of the silica shells in Au@SiO,
structures was tested by heating them to 90 °C in DI water
for 24 h. The TEM images of the samples are presented in
Figure 6. By comparing these TEM images (Figure 6) of the
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%
@ 0%
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Figure 6. Typical TEM images of the (a) Au@SiO, 20, (b) Au@
Si0,_40, (c) Au@SiO,_ US_20, and (d) Au@SiO, US_40 samples
after hydrothermal etching test.

(c)
100 nm 100 nm

samples with the corresponding TEM images before thermal
hydrolysis (Figure S), it is very clear that ultrasound treatment
during shell formation improves the chemical stability of silica
shells, avoiding their further hydrolysis and dissolution. As can
be noticed, the silica shells of the AuSiO, 20 (Figure 6a) and
AuSiO, 40 (Figure 6b) samples have almost completely
dissolved on treating them in hot water. On the contrary,
although the thickness of the silica shells of the AuSiO, US 20
(shell thickness of 2.9 + 0.5 nm, Figure 6¢c) and
AuSiO, US 40 (shell thickness of 6.9 + 0.9 nm, Figure 6d)
samples reduced a bit (70 and 28% of shell thickness reduction,
respectively), the shells are not completely dissolved under the
standard thermal hydrolysis test conditions. Moreover, the
effect of hydrothermal etching is minimum for the sample
AuSiO,_US_40 (Figure 6d).

Room-temperature FTIR spectra of Au@SiO, samples
(Figure 7) were recorded to determine the quality of their
SiO, shells. The FTIR spectra of all samples revealed several
sharp, well-defined absorption bands in the measured spectral
range (400—4000 cm™!). The bands centered at 792, 1061, and
1200 cm™" (shoulder) are the stretching vibrations of siloxane
groups,”*° while the band revealed around 950 cm™!
corresponds to the stretching vibration of silanol groups in
the silica lattice®™* (see Table S1 of Supporting Information).
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Figure 7. Infrared transmission spectra of the fabricated Au@SiO,
samples.

The bands appeared at 1300 cm ™, and higher frequencies are
attributed to the vibrational modes of ethanol molecules®”
adsorbed at the surface of the samples (Table S1). The
presence of 950 cm™' absorption band in the FTIR spectra
indicates the silica shells of all samples contain a considerable
amount of silanol groups, either at their surface or in the shell
pores as terminal bonds (Figure 2).

Because the quality of the silica shells formed over Au NPs
depends strongly on the relative concentration of siloxane
groups with respect to silanol groups, we estimated the
intensity ratio between the most prominent absorption band
associated with siloxane groups and the absorption band of the
silanol groups appeared at 950 cm™'. For that, we first
deconvoluted the absorption spectra of all samples in the 700—
1300 cm™' spectral range, using five Gaussian sub-bands, in
which the shoulder at 1200 cm™" (Figure 7) consisted of two
sub-bands centered at around 1215 and 1157 cm™.*° The
bands obtained from the deconvolution of the IR absorption
spectra (green lines), their sum (red line), and the experimental
spectra (black line) of the Au@SiO, samples are shown in
Figure 8. As the band around 1068 cm™, which corresponds to
the transverse optical (TO) asymmetric stretching vibration of
Si—O—Si, appeared to be the most intense among the
deconvoluted components, its intensity was compared with
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Figure 8. Deconvoluted IR absorption spectra of the dry (a) Au@
Si0, 20, (b) Au@SiO, US 20, (c) Au@SiO,_ 40, and (d) Au@
SiO,_US_40 samples in the 700—1300 cm™" spectral range. The most
intense and confirmative bands appeared between 1064 and 1076
cm™’, and the band between 943 and 952 cm ™! was used to calculate

the intensity ratio of v(Si—O—Si) and v(Si—OH) (Table 1).
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the intensity of the stretching vibrational mode of silanol at 950
em™.% The estimated intensity ratios (Is_o/Is_on) for the
four samples are presented in Table 1. Because the presence of
a higher amount of siloxane groups would make the silica
network more stable,”**" a larger intensity ratio (Ig_o/Is_on)
would indicate a better quality (higher stability) of the silica
shell. We can see from Table 1 that an increase in the reaction
temperature during silica shell formation increases the siloxane/
silanol ratio, that is, the silica shell quality, irrespective of the
ultrasound treatment. On the contrary, the quality of the silica
shells prepared with ultrasonic treatment is much better than
the shells fabricated without US treatment. The nonstoichio-
metric composition of smaller particles, and its improvement
with particle size has also been noticed by Leite et al.*' for their
silica NPs fabricated by conventional Stober method.

To understand the mechanism of degradation of the silica
shells formed over metal NPs through the conventional Stober
method, we must remember that the hydrolyzed derivatives of
TEOS (Si(OH),) are soluble in water.” Depending on the
extent of condensation, they can form network structures where
a Si atom is coordinated to four oxygen atoms (ie., containing
only siloxane bonds) or networks where some of the Si atoms
are attached to hydroxyl groups (i.e., containing silanol bonds).
If all Si atoms of the network are coordinated only to oxygen
atoms, then the structure is chemically stable and protected
from further hydrolysis at room temperature (Figure 9a).
However, if some of the Si atoms of the network are
coordinated to hydroxyl groups, as shown in Figure 9b, they
are prone to further hydrolysis and hence the shell is unstable.
At high temperatures, the concentrations of hydroxyl groups
and protons (H") in water increase.”” On treating the silica
network containing both siloxane and silanol bonds in hot
water, the siloxane (Si—O—Si) bonds break down to form
silanol (Si—OH) bonds, which coordinate to the OH™ ions of
hot water. Because the Si—O bonds are of polar-covalent nature
owing to the high electronegativity difference between the Si
(1.9) and oxygen (3.44) atoms,*’ the hydroxyl ions of hot water
react with the Si atoms of positive charge density (%) through
electrostatic interaction (Figure 9c). Although the same
phenomenon of bond breaking can also occur in a silica
network containing only siloxane bonds, a higher amount of
energy is needed for this to happen. As the water ionization rate
and the diffusion rate of ions (OH™ and H*) increase with
temperature, the hydrolysis rate of silica also increases at higher
temperatures. This is the reason behind using hot water for the
standard stability test on silica shells.

If the silica shells are not well formed or not stoichiometric,
that is, there are many silanol groups, as depicted in Figure 9b,
they will dissolve in hot water at a faster rate, as has been
observed for the samples prepared without US treatment. On
the contrary, the samples prepared under ultrasonication are
more resistant to further hydrolysis (Figure 9a), and hence their
silica shells do not dissolve under the performed standard test.

To verify the stability of the fabricated Au@SiO, NPs under
biological conditions, the sample Au@SiO, US_20 fabricated
under ultrasonication was tested in SBF solution at 37 °C for
1.5 days (36 h). The test was performed by centrifuging 1.5 mL
of the as-synthesized colloidal sample and redispersing the
composite NPs in a glass vial containing S mL of SBF solution
at 37 °C. After 36 h of SBF treatment at 37 °C, the NPs in
colloidal solution were characterized by UV—vis absorption
spectroscopy and TEM and compared with the results obtained
before their SBF treatment. The 36 h time of SBF treatment
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Table 1. Intensity Ratio of the Si—O—Si and Si—OH Vibrational Modes (I;_o/I5;_on) for the Au@SiO, Samples Estimated from

Their Infrared Absorption Spectra

position of Si—OH mode

intensity of Si—OH mode

position of Si—O—Si mode intensity of Si—O—Si mode

sample (crn 1) (ISi—OH) (Cm_l) (ISi—O) Isi-o/Isi—on
Au@SiO,_20 948 10 1064 36.4 3.64
Au@SiO,_US_20 947 8.2 1066 30.8 3.76
Au@SiO,_40 952 2.7 1076 12.3 4.56
Au@SiO,_US_40 943 S.5 1070 26 4.73
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Figure 9. Schematic presentation of the silica structures formed over Au NPs (a) without and (b) with ultrasonic treatment. (c) Schematic

representation of the thermal hydrolysis of silica containing siloxane bonds.

was considered in this study because the time is longer than the
reported blood half-life of gold NPs covered with other
materials.**

As can be observed from the absorption spectra presented in
Figure 10, the position of the SPR band of the sample did not

Au@SiO,_US_20in SBF
531.5 nm

1.81
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Figure 10. Absorbance spectra of the colloidal Au@SiO, US_20
sample in SBF before (black line) and after (dashed red line) SBF
treatment at 37 °C for 36 h.

change after SBF treatment. However, the absorption intensity
in the longer wavelength range (>620 nm) increased slightly
with respect to the intensity of the SPR band. This increase in
relative intensity of absorption at higher wavelength region
(increased light scattering) might be due to change in surface
morphology, that is, surface roughness45 of the silica shell due
to SBF treatment, or an agglomeration of NPs. >
Representative TEM images of the sample before and after
SBF treatment are presented in Figures 11 and 12, respectively.
As can be seen, the NPs conserve their silica shell after 36 h of
SBF treatment. However, the thickness of the silica shells of
some of the composite particles is reduced, from 6.4 + 1.7 to
52 + 15 nm, and some of the NPs are agglomerated.
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Figure 11. Typical TEM image of the Au@SiO, US_20 sample
before SBF treatment.

Nevertheless, the shell thickness reduction during SBF
treatment (~19%) is much lower than reduction (~70%)
that occurred by hydrothermal treatment, even though the
treatment time was much longer in the former case. As has
been previously described, temperature is the main parameter
that controls the rate of hydrolysis and hence the shell
degradation process.

While a mild agglomeration of the composite particles occurs
during SBF treatment due to the bonding of the silanol groups
and dangling bonds at the surface of the silica shells, it has no
significant effect on the absorption spectrum of the sample. The
results presented above indicate the Au@SiO, NPs fabricated
under sonication are reasonably stable in human body fluid
(blood), the medium through which they can be introduced for
biomedical applications.

Finally, we must mention that although ultrasound assisted
Stéber method has been utilized by several research groups to
fabricate spherical silica NPs of uniform sizes,* ™"’ rare-earth
doped spherical silica NPs,*® and other silica coated
nanostructures,” none have tested or discussed their stability
in hydrolyzing media such as in hot water or in body fluids.
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Figure 12. Typical TEM images of the colloidal Au@SiO,_US_20 sample after SBF treatment at 37 °C for 36 h.

B CONCLUSIONS

We could fabricate stable, thin silica shell layers over plasmonic
metal NPs such as Au through ultrasonication during Stober
process. The ultrasound treatment during silica shell growth
accelerates both the hydrolysis of TEOS and the condensation
of Si(OH), monomers, reducing the concentration of silanol
groups in the formed silica lattice. Although an increase in the
temperature during silica shell growth also enhances the TEOS
hydrolysis and Si(OH), condensation rates, the utilization of
the ultrasound treatment helps to maintain the silica-coated
metal NPs dispersed, avoiding their agglomeration. The silica
layers formed over Au NPs at 40 °C with ultrasonication
possess better stoichiometry and are resistant to degradation in
aqueous media even at 90 °C. The silica-coated Au NPs are
reasonably stable in SBF at 37 °C for 36 h. Such stable,
monodispersed core—shell plasmonic nanostructures are very
useful for biomedical applications, where the surrounding
media could be aggressive to bare metallic NPs. The method
utilized to fabricate stable Au@SiO, NPs in this work could be
extended for fabricating other metal@SiO, nanostructures.
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