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ABSTRACT: Gold-silica (Au-SiO,) nanohybrids are of great technological importance, and it is crucial to develop facile
synthetic protocols to prepare Au-SiO, nanohybrids with novel structures. Here we report the bioinspired synthesis of
pomegranate-like SiO,@Au nanoparticles (P-SiO,@Au NPs) via one-step aqueous synthesis from chloroauric acid and tet-
raethyl orthosilicate mediated by a basic amino acid, arginine. Effects of chloroauric acid, tetraethyl orthosilicate, and ar-
ginine on the morphology and optical property of the products are investigated in detail. The P-SiO,@Au NPs achieve
tunable plasmon resonance depending on the amount of chloroauric acid, which affects the size and shape of the P-
SiO.@Au NPs. Finite-difference time-domain simulations are performed, revealing that the plasmon peak red-shifts with
increasing particle size. Arginine serves as the reducing and capping agents for Au as well as the catalyst for SiO, formation,
and also promotes the combination of Au and SiO,. Formation process of the P-SiO,@Au NPs is clarified through time-
course analysis. The P-SiO,@Au NPs show good sensitivity for both colloidal and paper-based surface-enhanced Raman
scattering measurements. They achieve enhancement factor of 4.3X107-8.5X107and a mass detection limit of ca. 1 ng using
thiophenol as the model analyte.

INTRODUCTION nanoclusters with extraordinary optical?” and sensing?®
properties. To date, there are very few synthetic protocols
for making complex Au-SiO, hybrid materials in a facile
one-step manner. Most reported methods start with pre-
formed Au or SiO, NPs for the templated growth or colloi-
dal assembly processes. In addition, the poor vitreophilic-
ity of Au renders it difficult to directly deposit or grow Au
on SiO, surfaces, 9 3° and vice versa. Procedures such as
chemical modification of the SiO, surfaces or ligand ex-
change of the Au surfaces are often required to circumvent

Gold (Au) and its related hybrid materials' are of tech-
nological importance in catalysis,* advanced optics,> chem-
ical sensing,® bio-medicine,” solar-energy harvesting,?
etc.9 Au-silica (SiO,) hybrids are a prominent class of func-
tional materials.’**? SiO, brings benefits such as enhanced
stability,” > 3 ease of handling,+ > and modified optical
property to Au. *® Compositing with SiO, also enables
new plasmonic materials with exotic structures and en-
hanced functions.®?® For example, Rodriguez-Fernandez

et al used SiO, semi-shells as the hard mask on Au nano- the issue.

particles (NPs) to obtain Au-SiO, Janus nanostars, and de- Amino acids are biomolecules omnipresent in nature.
rived Au Janus nanostars that were difficult to synthesize They are known to interact with noble metals,* 3> and play
with conventional methods.> Farrokhtakin et al used col- an active role in mediating noble metal synthesis as reduct-
loidal SiO, as the template to grow radial Au nanowire for- ant® and structure-directing agent* Noble metal NPs
ests, which displayed strong plasmon coupling compared such as nanospheres, nanorods,> nanocuboids,> tetra-
with isolated Au nanowires.?s Chomette et al used Platonic pods,’” and chiral nano-objects’® have been prepared
solids of SiO, as the template to fabricate Au-SiO, tetra- through amino acid-mediated synthesis. On the other
pods, hexapods, and dodecapods with well-controlled hand, amino acids participate in the natural biosilicifica-
composition, morphology and high yield.>® Self-assembly tion processes.3 The basic amino acids, i.e. lysine, arginine,

approaches were also adopted to prepare SiO, core-Au and histidine, were found to mediate SiO, precipitation



under mild conditions.3® Later, bioinspired methods were
developed for synthesizing highly monodispersed SiO,
NPs from tetraethyl orthosilicate using lysine and arginine
as the base catalysts.4 4

Here we exploit the multifold functions of arginine to
achieve the facile one-step synthesis of Au-SiO, hybrid NPs
with a complex structure that have not been reported be-
fore. The NP consists of SiO, NPs encapsulated by Au, giv-
ing a pomegranate-like interior structure. The pomegran-
ate-like SiO,@Au NPs (P-SiO,@Au NPs) are synthesized
from chloroauric acid and tetraethyl orthosilicate in the
presence of arginine in aqueous solution. The synthetic
protocol is simple thanks to arginine, which simultane-
ously reduces Au and catalyzes the silane hydrolysis-con-
densation reactions. Arginine also promotes the combina-
tion of Au and SiO, probably through inducing electro-
static attractions. The P-SiO,@Au NPs display tunable
plasmon resonance as a result of varied particle size and
shape. They show good surface-enhanced Raman scatter-
ing activity with an enhancement factor of 4.3X107-8.5X
107 and a mass detection limit of ca. 1 ng, as were experi-
mentally determined using thiophenol as the model ana-
lyte. This protocol provides insights for bioinspired synthe-
sis of noble metal-related hybrid materials with new struc-
tures and good functions.

EXPERIMENTAL SECTION

Materials. L-Arginine, thiophenol, and cyclohexane
were purchased from Nacalai Tesque Inc. Hydrogen tetra-
chloroaurate(IIl) tetrahydrate (HAuCl, + 4H,0) was pur-
chased from FUJIFILM Wako Pure Chemical Corporation.
Tetraethyl orthosilicate (TEOS), L-lysine, and trisodium
citrate dehydrate were purchased from Tokyo Chemical In-
dustry Co., Ltd. All chemicals were used as received with-
out purification. De-ionized water was used as solvent in
all experiments.

Synthesis of pomegranate-like SiO, @Au nanoparti-
cles (P-SiO.@Au NPs). All containers and stirrers were
cleaned with aqua regia prior to the reaction. As the stand-
ard synthetic condition, 24.3 1« mol of HAuCl, was added
to L-arginine aqueous solution (8 mM, 35. 2 ml), and then
TEOS (2.40 mmol) was added. The mixture reacted at 80 °
Cin an oil bath with magnetic stirring (500 rpm) for 24 hrs.
The P-SiO,@Au NPs are generally well-formed within 40-
90 ° C, and the reaction temperature was fixed at 80 ° C
for the following experiments. Keeping reaction tempera-
ture and time the same, the L-arginine concentration was
varied within 2.4-24 mM, and the amount of HAuCl, and
TEOS was varied within 4.9-48.6 1 mol and 0.48-3.84
mmol, respectively, to investigate their effects on the prod-
ucts.

Control experiment to examine the role of TEOS was
conducted through employing preformed SiO, sol in place
of TEOS for the synthesis. First, SiO, nanoparticles (SNPs)

having a size of ca. 15 nm was synthesized as previously re-
ported.# Briefly, arginine (0.21 mmol) was dissolved in wa-
ter (34.5 ml) followed by the addition of TEOS (12.5 mmol).
The mixture reacted at 60 ° C with magnetic stirring (500
rpm) for 24 hrs. Next, arginine was dissolved in 35. 2 ml of
water to a concentration of 8 mM, and then 24.3  mol of
HAuCl, and the preformed SNP sol (SiO, 2 wt%, 3 ml)
were added. The mixture reacted at 80 ° C in an oil bath
with magnetic stirring (500 rpm) for 24 hrs.

Control experiment to examine the role of arginine was
conducted by replacing it with lysine for reducing HAuCl,
in water. Lysine is a basic amino acid capable of reducing
Au and often-used for SNP synthesis.4> 4 It has a different
side group from that of arginine. Briefly, lysine was dis-
solved in 35. 2 ml of water to a concentration of 8 mM, fol-
lowed by the addition of 24.3 u mol of HAuCl,. The mix-
ture reacted at 80 ° C in an oil bath with magnetic stirring
(500 rpm) for 24 hrs.

Characterization. A transmission electron microscope
(TEM, JEM-2010, JEOL) operating at 200 kV was used for
structural observation. A field-emission scanning electron
microscope (FE-SEM, S-5200, Hitachi High-Technologies)
operating at 3 kV was used to examine the surface mor-
phology. A field-emission transmission electron micro-
scope (FE-TEM, JEM-3000F, JEOL) operating at 297 kV was
employed for high-resolution electron microscopy and el-
emental analysis. It is equipped with the scanning trans-
mission electron microscopy (STEM) detectors with the
NORAN System SIX for energy dispersive X-ray spectros-
copy (EDS). The reactions gave SNPs as a by-product, and
the suspensions were washed once through centrifugation
(8000 rpm, 10 min), decanting, and redispersion in water
to remove the excess SNPs before electron microscopic ob-
servations. Powder X-ray diffraction (XRD) spectrum was
measured with the Bruker D2 Phaser spectrometer operat-
ing at 30 kV and 10 mA using the Cu K « radiation( 1 =1.54
A). Sample for XRD measurement was prepared by directly
drying the suspension into powder. The hydrodynamic size
was measured with dynamic light scattering (DLS) tech-
nique using a Zetasizer Nano ZS instrument (Malvern Inc.).
Samples for DLS measurements were prepared by washing
the as-synthesized suspensions thrice with water through
centrifugation and finally re-dispersing the centrifugates
with arginine aqueous solution (8 mM). The UV-Vis ex-
tinction spectra were measured with the JASCO V-650
spectrometer. The pH value was measured using the Cy-
berScan pHuio meter (EUTECH Instruments).

Surface-enhanced Raman scattering (SERS) meas-
urements. SERS performances of the P-SiO,@Au NPs
were evaluated using thiophenol (TP) as the probe mole-
cule. The P-SiO, @Au NPs were synthesized with 8 mM ar-
ginine in 35.2 ml water, 2.40 mmol of TEOS and varying
amounts of HAuCl, (12.1, 24.3, and 36.4 1 mol) at 80 ° C.
The as-synthetic suspensions were sedimented through
centrifugation and decantation once, and then diluted



Figure 1. (a-b) SEM, (c-e) TEM, and (f) high-angle annular dark-field STEM images of P-SiO,@Au NPs prepared with the

standard synthetic condition. (g-j) STEM-EDS elemental mappings of the particle shown in (f). Inset in (e) indicates with
a red square the imaging area in the corresponding TEM image.

with water to a concentration of 0.25 mM of Au. Proper
amount of the TP ethanolic solution was added to the di-
luted P-SiO,@Au NP suspensions to reach TP concentra-
tion of 10 - 10® M in the aqueous solution. For example,
20 pl of 103 M TP solution was added to 1.98 ml of diluted
P-SiO,@Au NP suspension to reach a final TP concentra-
tion of 105 M. The mixture was shaken with hand and kept
static for 15 minutes for the TP molecules to adsorb to the
particle surface. Raman spectra of neat TP was measured
for reference. All the liquid samples were measured in a
standard quartz cuvette (3.5 ml) using a portable Raman
spectrometer (Ocean Optics, QE65000) with a 785 nm di-
ode laser and a fiber optic Raman probe. The laser power
was 4 mW and the integration time was 10 s.

The paper-based SERS measurements were conducted as
follows. Laboratory filter paper (Advantech, No. 5C) was
impregnated in the as-synthesized P-SiO.@Au NP suspen-
sion for several days. The filter paper turned from white to
bluish-purple, indicating the adsorption of P-SiO,@Au
NPs. The filter paper loaded with P-SiO,@Au NPs (P-FP)
was dried at 80 ° C for 10 minutes, cut into 1X1 cm? pieces,
and ready for use. For comparison, spherical Au NPs were
synthesized with the citrate-reduction method.# Paper
substrates loaded with spherical Au NPs (Au-FP) were pre-
pared through the above-mentioned procedures. TP was
deposited by dropping 0.9 pl of 103 M, 104 M, 0.5 X104 M,
and 105 M TP solution at the center of the P-FP and Au-FP
substrates; evaporating the solvent gave dried spots con-
taining 100 ng, 10 ng, 5 ng, and 1 ng of TP, respectively. The
portable Raman spectrometer (Ocean Optics, QE65000)
with a 785 nm diode laser and a fiber optic Raman probe
was used. The laser power was 3 mW and the integration
time was 10 s. Raman signals from P-FP (or Au-FP) without
TP were set as the background. Three individual measure-
ments were conducted and averaged to give the SERS spec-
tra.
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Finite-difference time-domain (FDTD) simulation.
Numerical simulations of the optical property were per-
formed with a commercial FDTD software (Lumerical
FDTD Solutions 8.0). The extinction, scattering, and ab-
sorption cross sections and the electromagnetic field dis-
tribution were calculated through addressing the three-di-
mensional Mie scattering problem. Water was set as the
dielectric background medium with a refractive index of
1.33. Models of the P-SiO,@Au NP were constructed ac-
cording to TEM observation. The optical constant for Au
was obtained from the data by Johnson and Christy,*and
that for SiO, was obtained from the data by Palik.#5 A total-
field scattered-field source with a wavelength range of 400-
9oo nm was applied as the incident radiation. The perfectly
matched layer was adopted as the boundary condition.

RESULTS AND DISCUSSION

Characterization of P-SiO, @Au NPs. The suspensions
were washed to remove the excess SNPs in the background
(Figure Sia) before electroscopic imaging. Figure 1 shows
the typical electron microscopic images of P-SiO,@Au NPs.
They have bumpy surfaces as shown by SEM images (Fig-
ure 1a, 1b). Bright-field TEM image shows different con-
trasts from the particle’s interior (Figure 1ic), indicating a
composite structure. High-resolution TEM image shows
that the strong-contrast interior component (black) as well
as the particle surface are crystalline (Figure 1d). The lattice
fringes have an inter-plane distance of ca. 2.37 A (Figure 1e),
corresponding to that of the Au (111) crystal planes. XRD
analysis also confirmed the face-centered cubic crystal
structure of Au (JCPDS 4-0783) (Figure Sib). Meanwhile,
the weak-contrast component (grey) from the interior may
be pore or an amorphous material. Elemental analysis was
conducted with the STEM. A region without isolated SNPs
in the background (Figure 1f) was carefully selected to min-
imize their interference on the analysis. The EDS mappings
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Figure 2. TEM images of P-SiO,@Au NPs synthesized with (a) 4.9, (b) 12.1, (c) 24.3, (d) 36.4, and (e) 48.6 1 mol of HAuCl,.
Hydrodynamic sizes of P-SiO,@Au NPs synthesized with (f) 4.9, (g) 12.1, (h) 24.3, (i) 36.4, and (j) 48.6 x mol of HAuCl,.

show the existence of Au, Si, and O in the NP (Figure 1g-
1j). The distribution of Au (Figure 1g) fits well with the con-
tours of the NP in the corresponding STEM image (Figure
if), agreeing with TEM observation that the particle surface
is Au (Figure 1d). The existence of Si and O (Figure 1h-1i)
indicates that the NP also contains SiO.. The synthesis in-
volves reduction of HAuCl, and the hydrolysis-condensa-
tion of TEOS at the same time. The former reaction yields
Au, while the latter gives SiO,. The SiO. in the form of
SNPs leads to the formation of the above structure as will
be discussed in Effect of TEOS section. SNPs embedded in
the Au matrix give the weak-contrast component of the in-
terior structure in TEM image (Figure 1c), hence the struc-
ture can be described as a pomegranate-like SiO,@Au
structure.

Effects of HAuCl,. Products synthesized with varying
amounts of HAuCl, are shown in Figure. 2. With 4.9 u mol
of HAuCl,, P-SiO,@Au NPs below 100 nm along with ir-
regular Au particles (indicated by arrow) are mainly ob-
served (Figure 2a). Increasing the addition of HAuCl, leads
to P-SiO,@Au NPs of larger sizes (Figure 2b-2d). The irreg-
ular Au particles (indicated by arrow) still exist with 12.1 u
mol of HAuCl, (Figure 2b); while well-formed P-SiO,@Au
NPs are mainly observed with 24.3 and 36.4 1 mol of HAu-
Cl, (Figure 2¢, 2d). The interior structures of P-SiO,@Au
NPs synthesized with 4.9-36.4 1 mol of HAuCl, are similar
according to the TEM images. The particles become less
spherical with 48.6 ¢ mol of HAuCl, (Figure 2¢), and the

interior structure appears different from those observed in
Figure 2a-2d. The weak-contrast SiO, component of the in-
terior structure is sphere-like in Figure 2a-2d, while it ap-
pears slender wire-like in Figure 2e. A high dose of HAuCl,
introduces high ionic strength, which may alter the growth
kinetics of Au to affect the shape of the particle.

The hydrodynamic size of P-SiO,@Au NPs was analyzed
with DLS measurements. It raises from ca. 101 nm to ca. 198
nm with increased addition of HAuCl, from 4.9 to 36.4 n
mol (Figure 2f-2i). The polydispersity indices (PDI) are
within 0.20-0.28, indicating low degree of polydispersity.4
The PDI decreases with increased addition of HAuCl,. This
can be understood by referring to the TEM images, which
show that the irregular Au particles and relatively small P-
SiO.@Au NPs disappear with increasing addition of HAu-
Cl, (Figure 2a-2¢), and finally the P-SiO,@Au NPs having
sizes around 200 nm dominate (Figure 2d). The P-
SiO.@Au NPs synthesized with 48.6 1 mol of HAuCl,
have a hydrodynamic size of ca. 193 nm with low degree of
polydispersity (Figure 2j), as is consistent with TEM obser-
vation.

UV-Vis extinction spectra of the P-SiO,@Au NP suspen-
sions (Figure 3a) display plasmon peaks due to the surface
plasmon resonance.#” The plasmon peak red-shifts from ca.
580 nm to ca. 730 nm with increasing addition of HAuCl,
(Figure 3b). The plasmon property is sensitive to particle



size, particle shape, aggregation states, and the surround-
ing dielectric environments.4” Because the P-SiO,@Au NPs
are dispersed in the same aqueous

SiO,@Au NPs are built for the simulation (Figure S2). The
overall particle size of P-SiO,@Au NP is increased through
increasing the number of embedded SNPs. Figure 4 shows
the calculated
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Figure 3. (a) Normalized UV-Vis extinction spectra of
the suspensions synthesized with varying amounts of HAu- ¢ 146nm
Cl,. (b) Plasmon peak position shifts with the amount of
HAuCl,; each data point was collected by averaging 3 dif-
ferent samples. Inset is the photo of the suspensions.
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environment, the particle size and shape should be im-
portant factors affecting their plasmon property. Accord-
ing to TEM and DLS results, the particle size effect can be
considered important for P-SiO.@Au NPs synthesized
with 4.9-36.4 u mol of HAuCl,. Regarding the P-SiO,@Au
NPs synthesized with 48.6 1 mol of HAuCl,, their plasmon
peak red-shifts by ca. 60 nm, although their particle size is ]
similar to those synthesized with 36.4 1 mol of HAuCl,. 0 . ‘ s
Because their interior structure has changed at a high dose 400 °00 V\?;)Sa engih (7::1) 800 900
of HAuCl,, the particle shape effect may contribute to the

peak shift.

Cross section (m? x107%)

Figure 4. Calculated extinction (ext.), scattering (sca.),
and absorption (abs.) cross sections of P-SiO,@Au NPs
with varying sizes: (a) 8o nm, (b) 120 nm, and (c) 146 nm.

FDTD simulation was performed to probe the effects of
particle size on the plasmon property. The size of embed-
ded SNPs and their inter-particle distances are estimated
from the TEM images and simplified models of the P-



results of extinction, scattering, and absorption cross sec-
tions of P-SiO,@Au NPs with varying sizes. The extinction
maxima shifts from 582 nm to 662 nm as the particle size
increases from 8o nm to 146 nm. Extinction cross section is
the sum of scattering and absorption cross sections. As the
particle becomes larger, the scattering component domi-
nates over the absorption component, and red-shifts to
cause the red-shift of the extinction maxima. Although the
real samples are not perfectly monodisperse and contain P-
SiO,@Au NPs with moderate size distributions, the simu-
lation result helps to understand how P-SiO,@Au NPs of
different sizes contribute to the overall plasmon property.
It well explains the tendency of red-shifting plasmon peak
with increasing addition of HAuCl, (4.9-36.4 u mol) due
to the emergence of large and the disappearance of small
P-SiO,@Au NPs. Increasing the particle size can also be
viewed as increasing the number of SNPs in the P-
SiO,@Au NPs, suggesting that the SNPs provide a means
to tune the plasmon property.

Effects of TEOS. The effects of TEOS were investigated
through varying the amounts of TEOS under otherwise the
same synthetic conditions. In the absence of TEOS, HAu-
Cl, is reduced by arginine to Au, which deposits as a blue-
ish-purple coating on the inner wall of the glass vial; in
contrast, the liquid phase is colorless and transparent (Fig-
ure sa, inset). TEM observation of the liquid sample finds
very few but only dense Au aggregates (Figure 5a). The P-
SiO.@Au NPs begins to be observed when 0.48 mmol of
TEOS is added (Figure sb), but a considerable portion of
Au still deposits on the glass vial and the experimental re-
producibility is low. The addition of over 1.20 mmol of
TEOS ensures the formation of P-SiO,@Au NPs with good
yields (Figure 5c); however, too much TEOS results in
more SNPs as a by-product (indicated by the arrow in Fig-
ure 5d).

The above observations indicate the importance of
TEOS for enabling the P-SiO,@Au NPs. The reaction mix-
ture is initially a two-phase system when TEOS is added to
the aqueous solution containing HAuCl,. Stirring can
break TEOS into small oil droplets that might serve as tem-
plate for Au deposition to form the pomegranate-like
structure. To test this possibility, TEOS was replaced with
an equal volume of cyclohexane while keeping other pa-
rameters the same as in the standard synthetic condition.
Similar to the reaction without TEOS, Au deposits on the
inner wall of the glass vial, leaving the liquid phase color-
less and transparent (Figure s5e, inset). TEM observation of
the liquid sample finds merely dense Au aggregates (Figure
5e). Therefore it is unlikely that the TEOS oil droplets serve
as template for the pomegranate-like structure. In parallel
to the Au reduction reaction, TEOS reacts to form SNPs
through the hydrolysis-condensation reactions catalyzed
by arginine.# To examine the role of SNPs in the formation
of pomegranate-like structure, TEOS was replaced with
preformed SNP sol (ca. 15 nm, Figure S3) for the synthesis.
A homogenous dark-purple suspension is obtained and
TEM observation confirms the existence of pomegranate-

like structures (Figure 5f). They have concave-like features
with a size of ca. 14 nm, agreeing with the size of the pre-
formed SNPs. It is likely that the formation of pomegran-
ate-like structure involves the enclosure of SNPs by Au.
Observations in Figure sa and Figure se indicate a ten-
dency of the reduced Au to deposit on SiO, surface, i.e. the
inner wall of glass vial. The preformed SNPs can provide a
substrate for Au

Figure 5. TEM images of samples synthesized with (a) o,
(b) 0.48, (c) 1.20, (d) 3.84 mmol of TEOS; (e) cyclohexane
in place of TEOS, and (f) preformed SNP sol in place of
TEOS. Insets in (a), (e), and (f) show the macroscopic ap-
pearance of the sample after reaction.

deposition. Hence TEOS is important as a source to SNPs
that enable the formation of P-SiO,@Au NPs.

Effects of arginine. Arginine serves as the reducing and
capping agents for Au and the catalyst for SNP formation
at the same time, hence it has vital effects on the structure.
Samples synthesized with varying arginine concentration
are examined. The optimal arginine concentration for
forming P-SiO,@Au NPs is found to be 8-16 mM (Figure
6a). Tadpole-like (Figure 6b) and branched (Figure 6c)
structures form with less-than-optimal arginine concen-
tration; while fusion of the P-SiO,@Au NPs (indicated by



the arrows in Figure 6d) occurs at a high arginine concen-
tration. A sufficient amount of arginine should be required
to catalyze the reactions of TEOS to form SNPs#> 4 indis-
pensable to the pomegranate-like structure. Though the
SNPs can possibly form at arginine concentration as low as
0.2 mM,# the pomegranate-like structures require at least
8 mM of arginine, indicating that a major portion of argi-
nine contributes to affect Au.

50 nm . /
. Ahar— . . l—
Figure 6. TEM images of samples synthesized with argi-

nine concentration of (a) 16, (b) 2.4, (¢) 4, and (d) 24 mM
under otherwise the same reaction conditions.

Arginine interacts with HAuCl, through forming argi-
nine-AuCl, complex#® and reduces it to Au. UV-Vis spectra
shows that the peak of AuCl," at 305 nm disappears after
dissolving arginine (Figure S4), suggesting the formation
of arginine-AuCl, complex.3” Arginine can adsorb to the Au
surface upon reduction and affect the Au-SiO, interaction.
Previous observation (Figure sa) indicates that arginine
can promote Au deposition on SiO, surface. Its effects were
further examined through control experiment using lysine,
a basic amino acid with a different side group, to reduce
HAuCl, in water. The reaction gives a homogeneous pur-
ple suspension with very little Au deposits on the glass vial
(Figure S5). The apparent differences suggest that argi-
nine’s guanidinium group may be critical in promoting the
combination of Au and SiO.,. The guanidium group is char-
acterized by a very high pKa (ca. 13.8).4 It tends to be pro-
tonated and cause the Au surface to be positively charged
through surface adsorption. 5> Meanwhile the reaction sys-
tem has alkaline pH condition (Table S1), under which the
SiO, (IEP: pH 2-3) surface is negatively charged with the
deprotonated silanol groups.>* Such reverse surface charge
states favor the Au deposition on SiO,. In the presence of
SNPs, the reduced Au can enclose them to form the pom-
egranate-like structure.

Formation process. The formation process of the P-
SiO.@Au NPs is revealed through time-course TEM obser-
vation of the products collected at different reaction time
(Figure 7). Discrete Au nanocrystals form within 10 min
(Figure 7a), and then grow into irregularly shaped particles
after 30 min of reaction (Figure 7b). Dendritic structures
are observed after 60 min (Figure 7¢). Their characteristic
morphology suggests that they are possibly formed
through diffusion-limited aggregation.> The dendritic
structures shrink into structures with densified cores and
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HAUCI,
TEOS
Water

-
z
o
o
8
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Figure 7. TEM images of the products collected at dif-
ferent time during reaction: (a) 10, (b) 30, (c) 60, (d) 90, (e)
120, and (f) 150 min. The standard synthetic condition was
adopted. Inset in (a) is the high-resolution TEM image of
the corresponding sample. Insets in (c) and (d) show other
observed structures in the corresponding samples. (g)
Schematic illustration of the formation pathways of P-
SiO,@Au NPs.

dendritic peripherals after go min (Figure 7d). Some parti-
cle has pomegranate-like interior in the core region (Figure
7d, inset). Observation of the shrinking dendritic structure
is analogous to previous reports.’ 5+ It is attributable to the
relaxation process for the dendritic structures to grow into
more stable forms.5s After 120 min, the P-SiO,@Au NP
emerge and intermediate products with concave-like fea-
ture can be observed (Figure 7e). Size of the concave-like
feature (ca. 15 nm) is comparable to that of the SNPs in the
background (ca. 16 nm), reflecting the SNPs’ shaping ef-
fects on the Au structure. After 150 min, well-developed P-
SiO,@Au NPs can be observed (Figure 7f). The color of the
suspension changed from colorless, to light blue, and to
purple-blue, and remained stable after 240 min of reaction
(Figure S6), indicating the completion of Au reduction. A
typical reaction time of 24 hrs was adopted for the com-
plete reaction of TEOS. The pH of the suspension during
reaction is relatively stable (Table S2) due to the buffering
capability of arginine.5® Figure 7g summarizes the sup-
posed formation pathways of the P-SiO,@Au NPs. Argi-
nine initiates two reactions: the reduction of HAuCl, to Au
and the hydrolysis-condensation reactions of TEOS into
SNPs. The Au primary particles aggregate to form dendritic
structures, which then relax into more stable forms
through shrinking. The shrinking Au dendritic structures
enclose the SNPs while continuously grow by adding in
new Au atoms from the solution to form the pomegranate-
like structure.

SERS performances. SERS activity of the P-SiO,@Au
NPs is evaluated with TP as the model analyte for its ability
to chemically adsorb to Au surfaces. The Raman spectrum
of the neat TP is measured for reference (Figure 8a). Raman
modes typical of the TP molecule are observed at 976, 1001,
1068, 1560 cm™ , which can be assigned to the f 1ing (ring
in-plane bending), B cx (C-H in-plane bending), B ring + v
cs (ring in-plane bending and C-S stretching), and v ¢c (C-
C stretching) modes, respectively.’” Figure 8b shows the
SERS spectra of trace amounts of TP in aqueous solution
with P-SiO,@Au NPs. The SERS peaks have shifted fre-
quencies and different intensity patterns from those of the
Raman spectrum (neat TP), because SERS measurements
detect TP molecules adsorbed to the Au surface. Surface
adsorption can change the molecule’s orientation, leading
to different vibrational frequencies and relative Raman
scattering cross sections in the SERS spectra. 53¢ TP can be
detected down to 10® M owing to the enhancement effects
by the P-SiO,@Au NPs (Figure 8b and Figure S7). The en-
hancement factor (EF) is calculated using the formula®

EF = ISEi x NRaman

NSERS
Isers and Iraman are the integrated peak area of a specific
signal in the SERS and Raman spectrum, respectively. Here
the signal at 1049 cm™ for SERS and that at 1068 cm™ for
Raman are used for calculation. Nggrs and Ngaman are the
number of excited TP molecules in the laser excitation vol-
ume for SERS and Raman measurements, respectively. Be-
cause the SERS and Raman spectra are measured with the
same amount of liquid samples in the standard quartz cu-
vette, their laser excitation volumes are the same. Ngggs
and
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Figure 8. (a) Raman spectrum of neat TP. SERS spectra
of trace amounts of TP (b) in aqueous solution with P-
SiO,@Au NPs, and (c) on the P-FP substrate. P-SiO,@Au



NPs presented here were obtained with the standard syn-
thetic condition. The spectra were off-set for clarity.

Nraman can be replaced with the concentration of the sam-
ples, giving
EF = ISEl x CRaman
Csers
From the above calculation the EF of P-SiO,@Au NPs is
experimentally determined to be 4.3X107-8.5X107 (calcu-
lation details in Supporting Information), which is high
among many reported noble metal-related SERS sub-
strates.5>%4 The SERS effect can be attributed to electro-
magnetic (EM) and chemical enhancements. Though the
clarification of chemical enhancement remains challeng-
ing, it is widely accepted that the enhanced local EM fields
have major contributions to the total enhancement.5
The EM field distribution around P-SiO,@Au NP under
785 nm light irradiation is simulated with the FDTD
method (Figure S8). There are localized EM fields of high
intensity at the particle surface where the SNPs are embed-
ded. The existence of SNP creates a metal-dielectric envi-
ronment for EM enhancement,”” leading to many “hot
spots” for high SERS activity.

IRaman

Paper-based SERS measurement allows simple, flexible,
and low-cost trace detection on a practical basis.®® The P-
SiO.@Au NPs are employed in paper-based SERS measure-
ments to test their potentials for practical applications.
The paper-based SERS substrates are prepared through im-

pregnating filter paper with the P-SiO, @Au NP suspension.

The filter paper turns from white to bluish-purple after im-
pregnation, indicating surface adsorption of the P-
SiO,@Au NPs (Figure Sga and Sgb, insets). SEM observa-
tion confirms the presence of P-SiO,@Au NPs on the fi-
brous structure of the filter paper (Figure Sgb). Figure 8¢
shows the SERS spectra of trace amounts of TP detected
with the P-SiO,@Au NP-loaded filter paper (P-FP) as the
substrates. The mass detection limit by P-FP is ca. 1 ng of
TP. For comparison, paper substrates loaded with spherical
Au NPs (Au-FP) are also prepared (Figure Sgc, Sgd). The
spherical Au NP is selected because it is one of the main-
stream SERS-active materials in commercial paper-based
SERS substrates. The mass detection limit by Au-FP is ca.
100 ng of TP (Figure Sge), which is two orders of magnitude
greater than that of P-FP. The P-SiO,@Au NP is advanta-
geous with great potential for practical uses.

CONCLUSION

P-SiO,@Au NPs are prepared via one-step synthesis us-
ing arginine for Au reduction and SiO, formation at the
same time. The products show tunable plasmon resonance
within 580-730 nm depending on the amount of HAuCl,
used for synthesis. TEM and DLS analysis show that HAu-
Cl, addition increases the particle size at first (4.9-36.4 u
mol) and then causes a change in particle shape at a high
dose (48.6 1 mol). The particle size and shape changes are
considered to cause the plasmon peak to red-shift with the

HAuCl, addition. FDTD simulations reveal the optical con-
tribution from P-SiO,@Au NPs of different sizes and point
to a possible new way of tuning the plasmon property with
the SNPs. TEOS is important as the source to SNPs indis-
pensable for the formation of pomegranate-like structure,
while it can be replaced with preformed SNP sol. Arginine
serves multiple roles, including reductant and capping
agents for Au and catalyst for SiO,; it is also found to pro-
mote the combination of Au and SiO, probably through
inducing electrostatic interactions. The P-SiO,@Au NPs
achieve 4.3X107-8.5 X107 enhancement factor for colloidal
SERS and ca. 1 ng mass detection limit for paper-based
SERS measurements using thiophenol as the model analyte.
They provide a promising candidate for advanced sensing
and biomedical applications.
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