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Abstract: Gold nanoshells have been actively applied in industries beyond the research stage because
of their unique optical properties. Although numerous methods have been reported for gold nanoshell
synthesis, the labor-intensive and time-consuming production process is an issue that must be
overcome to meet industrial demands. To resolve this, we report a high-throughput synthesis
method for nanogap-rich gold nanoshells based on a core silica support (denoted as SiO,@Au NS),
affording a 50-fold increase in scale by combining it with a dual-channel infusion pump system. By
continuously dropping the reactant solution through the pump, nanoshells with closely packed Au
nanoparticles were prepared without interparticle aggregation. The thickness of the gold nanoshells
was precisely controlled at 2.3-17.2 nm by regulating the volume of the reactant solution added
dropwise. Depending on the shell thickness, the plasmonic characteristics of SiO,@Au NS prepared
by the proposed method could be tuned. Moreover, SiO,@Au NS exhibited surface-enhanced Raman
scattering activity comparable to that of gold nanoshells prepared by a previously reported low-
throughput method at the same reactant ratio. The results indicate that the proposed high-throughput
synthesis method involving the use of a dual-channel infusion system will contribute to improving
the productivity of SiO;@Au NS with tunable plasmonic characteristics.

Keywords: gold nanoshell; high-throughput synthesis; seed-mediated growth; dual-channel infusion;
localized surface plasmon resonance; surface-enhanced Raman scattering

1. Introduction

Gold nanoshells are structures in which gold layers are stacked at the nanometer
scale; these have been actively studied in various fields because of their unique plasmonic
properties [1-4]. Compared to individual gold nanoparticles (AuNPs), gold nanoshells
exhibit a wide range of localized surface plasmon resonance (LSPR) frequencies due to
plasmon hybridization between the dielectric core and metal shell [5]. Because of this
feature, gold nanoshells can be used as optical antennas that respond to light sources of
various wavelengths [6]. Leveraging their optical properties, gold nanoshell composites
have been widely applied in various fields such as photocatalysis, selective drug delivery,
and plasmonic sensing [7-9].

As a major application, gold nanoshells can be utilized as a surface-enhanced Raman
spectroscopy (SERS) substrate, which enhances the Raman scattering signal of molecules
adsorbed on the nanostructured surface [10]. Gold nanoshells can adsorb thiol-containing
Raman labels with high affinity and are suitable for long-term storage due to their high
structural stability [11]. In addition, near-infrared (NIR) lasers can be selected for SERS
analysis, corresponding to the LSPR frequency of gold nanoshells ranging from the visible
to NIR regions [12]. The excellent skin penetration at these laser wavelengths allows gold
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nanoshells to avoid autofluorescence from the body, enabling the in vivo tracking of target
substances inside cellular tissues [13].

The plasmonic characteristics of gold nanoshells, including SERS, are closely related to
the shell thickness and surface nanostructures [14,15]. Recently, we reported a method for
preparing gold nanoshells on silica nanospheres (denoted as SiO,@Au NS) with abundant
nanogaps between the closely packed AuNPs [16]. The thickness of the gold shell in
5i0,@Au NS was adjusted to the order of tens of nanometers by controlling the Au
precursor concentration during the growth process. Because of its nanogap-rich surface,
which can act as an electromagnetic hotspot, SiO,@Au NS generated strong SERS signals
with an enhancement factor of approximately 3.8 x 10° [17]. Given these advantages,
the seed-mediated growth approach is useful for tuning the plasmonic characteristics,
which depend on the thickness of the gold shell. However, the methodology for preparing
5i0,@Au NS involves the repetitive addition of each precursor solution at 5 min intervals
for the growth of seeded AuNPs, which is a time-consuming and labor-intensive process
with a limited amount of the synthesized material. As alternative methods for improving
the throughput of gold nanoshell synthesis, several microfluidic systems using injection
pumps have been reported. However, these methods require simultaneous pumping of oil
and gas in addition to each reactant solution to achieve multi-phase microfluidic or require
a specially designed microreactor [18,19].

Herein, we report a novel high-throughput method for SiO,@Au NS synthesis on a
simple infusion system with a newly optimized seed-mediated growth process at a 50-fold
higher scale than that achieved using our previously reported method [16]. To obtain
a homogeneous, closely packed AuNP surface in a high-throughput environment, both
precursor solutions (aqueous Au>* and ascorbic acid) were added dropwise at a constant
flow rate using a dual-channel syringe pump during the seed-mediated growth of AuNP-
seeded silica NPs. The thickness control of the gold shell achieved using the previously
reported low-throughput method was successfully reproduced even on the 10 mg scale
of the proposed high-throughput synthesis method, and a linear relationship was found
between LSPR and SERS signals. As a SERS substrate, the high performance of SiO,@Au
NS prepared by the proposed method was confirmed on the basis of the signal of the
adsorbed Raman labels.

2. Results and Discussion
2.1. High-Throughput Synthesis of SiO,@Au NS

High-throughput method for the synthesis of SiO,@Au NS proposed in this work
is based on a previously reported seed-mediated growth approach [16,20]. As shown
in Figure 1a, the method proceeded in two steps: AuNP seed immobilization and seed-
mediated growth. First, AuNP seeds were immobilized on silica NPs aminated by a sol-gel
reaction with (3-aminopropyl)trimethoxysilane (APTS). Then, AuNP seeds immobilized on
the silica surface were grown by the simultaneous addition of a gold precursor solution
and an ascorbic acid solution. For AuNP-seed-mediated growth of SiO,@Au NS prepared
at a scale of 10 mg, we constructed a continuous infusion system using a dual-channel
syringe pump, as shown in Figure 1b.

The syringes containing the Au®* precursor solution and ascorbic acid (AA) solution
were fixed to each pump and connected to the reaction mixture through the silicone tubings.
AuNP-seed silica NPs dispersed in aqueous polyvinylpyrrolidone (PVP) solution were
placed in a glass vial and gently mixed on the magnetic stirrer. By continuously adding
each solution to the reaction solution at a fixed flow rate of 36.67 pL/min, we attempted
to control the growth of the gold shell by compensating for the consumption of reactants
due to reduction. Each solution was continuously added dropwise to the reaction solution
through the silicone tubings (Figure 1c). The volume of each droplet added through the
adapter at the end of the tube was well controlled. As the solution was added dropwise
to the glass vial, the color of the reaction solution containing AuNP-seeded silica NPs
gradually changed from reddish-brown to navy blue. The high-throughput synthesis
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(a)

involving the use of the continuous infusion system yielded 10 mg of SiO,@Au NS, which
is 50 times higher than that of the previously reported method (0.2 mg NPs), as shown in
Figure 1d [16]. The colors of the two dispersions of SiO,@Au NS prepared by both the
low-throughput (0.2 mg NPs) and high-throughput synthesis methods were similar to the
naked eye.
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Figure 1. Schematic illustrations of the high-throughput synthesis of SiO,@Au NS. (a) Two-step
SiO,@Au NS fabrication. (b) Optimized continuous addition system for the AuNP-seed-mediated
growth step equipped with a dual-channel syringe pump. Au®* and AA solutions were loaded
in 15 mL syringes and infused through silicone tubings at a flow rate of 36.67 uL/min. Inset:
transmission electron microscopy image showing the morphology of the monodispersed SiO,@Au
NS. Photographic images of (c) the reaction mixture during the continuous addition of precursor
solutions and (d) the resulting colloidal SiO,@Au NS prepared at scales of 0.2 mg and 10 mg.

The structures of the NPs prepared in each step of the high-throughput synthesis
of 5i0,@Au NS are shown in Figure 2a—c. The diameter of the core silica NP support
was calculated as 145.5 4+ 11.7 nm. The silica NPs, whose surfaces were aminated and
then seeded with an excess of tetrakis(hydroxymethyl)phosphonium chloride (THPC)-
stabilized AuNPs, had numerous AuNPs with a diameter of ~2.3 nm. After the seed-
mediated growth of SiO,@Au NS by the continuous dropwise addition of both the gold
precursor and ascorbic acid solutions, transmission electron microscopy (TEM) image of
the resulting SiO,@Au NS showed closely packed AuNPs covering the silica NP surface
without anisotropic aggregation. The controlled gold shell structure achieved upon the
continuous dropwise addition was presumed to be due to the maintenance of the reactant
concentration at a steady state, as both the gold precursor and ascorbic acid solutions were
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gradually consumed during the nucleation and growth of the AuNPs. After the separation
of the grown S5i0,@Au NS and individual AuNPs in the growth mixture by centrifugation,
the corresponding weights were measured as shown in Figure S2. In the case of the growth
condition with 4.4 mL of gold precursor solution, the weight of the grown SiO,@Au NS in
the pellet increased from 10 mg to 33.1 mg. Meanwhile, the weight of individual AuNPs in
the supernatant was measured as 8.71 mg, confirming that 20.1% of the total amount of
added gold precursor was consumed. As such, a significant proportion of gold precursor
was involved in the growth of the gold shell, and this is estimated to be proportional to the
surface area of the AuNP-seeded silica NPs that provide the growth site.

(d

N

== Silica NP
== AuNP-seeded silica NP
== Si0,@Au NS

Absorbance (offset)

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

Figure 2. TEM images of the (a) silica NPs, (b) AuNP-seeded silica NPs, (c) SiO,@Au NS, and their
corresponding (d) UV-visible absorption spectra with offset.

The atomic distribution of the prepared SiO,@Au NS was confirmed by energy-
dispersive X-ray spectroscopy (EDS) mapping analysis (Figure S3). Silica nanoparticles can
be identified because the inner core exhibits an EDS signal of silicon and oxygen, indicating
a silicate (5iOx) composition. In the layered mapping image, the gold shell located outside
the silica particles can be identified.

Moreover, the UV-visible absorption spectrum of SiO,@Au NS showed a clear LSPR
band over a wide spectral range corresponding to the closely packed gold shell structure
(Figure 2d). The red shift of the LSPR bands observed in the spectrum of SiO,@Au NS
with the closely packed structure can be explained by the plasmonic coupling between
neighboring AuNPs. The wide range of LSPR frequencies across the NIR spectral region of
SiO,@Au NS is suitable for use with a 780 nm laser with minimal interference from other
optical responses and high scattering efficiency [21]. In addition, the abundant nanogaps in
the gold shell can serve as hotspots that generate strong local field enhancement, which
is advantageous for the use of SiO,@Au NS as a highly sensitive SERS substrate. The
abovementioned results indicate that SiO,@Au NS with a hotspot structure, which imparts
advantageous properties for use as an optical substrate, can be synthesized in large quanti-
ties through the continuous addition of both the gold precursor and ascorbic acid solutions
by using a dual-channel syringe pump.
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To investigate the effect of controlling the addition rate of the reagent solution on
the formation of the gold shell, either the gold precursor or ascorbic acid solution was
first added in batches, followed by the continuous dropwise addition of the other solution
through an infusion pump system. The TEM images of SiO,@Au NS prepared under
dropwise addition conditions showed that the AuNPs grew differently with various sizes
and shapes on the surface of the core silica NPs (Figure S1). When the ascorbic acid solution
was added continuously after the addition of the gold precursor solution, relatively large
and polydisperse AuNPs were irregularly bonded to the silica NPs to form a core-island
structure. Another method, in which the gold precursor solution was continuously added
after the addition of the ascorbic acid solution, resulted in a relatively uniform morphology
of the gold shell, whereas there was a large morphology variation in the morphology among
the gold shells of the different core silica NPs. The formation of irregularly structured gold
shells via batch addition is presumed to be due to the uncontrolled growth caused by the
vigorous nucleation of AuNPs under extremely high reactant concentration conditions at
the beginning of the reduction in the gold precursor. When only Au or both AA and Au
were continuously added dropwise, the LSPR band was observed at frequencies over a
broad range—from the visible to NIR region—unlike those observed after other methods.
Given the abovementioned SiO,@Au NS structure, it can be predicted that the difference in
the absorption range of the LSPR band is related to the interparticle distance between the
AuNPs constituting the gold shell.

2.2. Control of Gold Shell Thickness

Based on the simultaneous dropwise addition method using the dual-channel syringe
pump, we attempted to control the thickness of the gold shell by varying the volumes
of the gold precursor and ascorbic acid solutions required for the growth of the AuNP
seeds. During the growth of the AuNP seeds embedded in the silica core NPs, the to-
tal volumes of both the gold precursor and ascorbic acid solutions were adjusted from
0 mL to 4.2 mL. The structure of SiO,@Au NS prepared at each volume of the precursor
solution was analyzed using TEM; the results are shown in Figure 3a. In the TEM images,
monodispersed SiO,@Au NS was observed at all five volumes of the precursor solution.
In the high-magnification images, SiO,@Au NS showed a structure in which the AuNPs
were well-ordered on the surface of the core silica NPs, and the thickness of the gold shell
gradually increased as the addition volume increased. For each volume of the precursor
solution, the sizes of the AuNPs constituting the gold shell were measured for 30 particles
and compared; the results are shown in the violin plot in Figure 3b. The size distribution
and mean size of the 25th to 75th percentiles of all SiO,@Au NS gradually increased with an
increasing additional volume of Au®* solution. Based on the size of the AuNPs measured
from the equivalent spherical diameter, the median AuNP diameters were calculated to be
2.3,8.3,11.7,13.2, and 17.2 nm as the volume of the added precursor solution increased.
The measured AuNP sizes were distributed in the interquartile ranges of 0.62, 2.45, 3.35,
4.42, and 2.42 nm.

The LSPR frequency of metal nanocomposites can vary depending on their structures
despite the consistent composition of metals. In the case of nanoshell structures, the size
of the core particles and the thickness of the metal shell can act as major factors affecting
the LSPR characteristics [15]. The absorption spectra of SiO,@Au NS grown at different
precursor solution volumes based on the core silica NPs of the same size are shown in
Figure 3c. In the case of the particles with AuNP seeds arrayed before the growth step, the
background-level absorption was similar to that observed for the core silica NPs. However,
clear bands with maximum absorption wavelengths of 558, 609, 629, and 648 nm appeared
as the precursor solution volume increased to 1.1, 2.2, 3.3, and 4.4 mL, respectively. Along
with a redshift of the peak LSPR wavelength, an increase in absorbance was observed. At
780 nm, which is the wavelength of the laser source used for SERS analysis, the absorbance
increased in proportion to the size of the AuNPs constituting the gold shell. These results
demonstrate that the fine-tuning of the gold shell thickness during the seed-mediated
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Figure 3. (a) TEM images of SiO,@Au NS synthesized at different volumes of both the Au®t precursor
and AA solutions: (i) 0 mL, (ii) 1.1 mL, (iii) 2.2 mL, (iv) 3.3 mL, and (v) 4.4 mL at low-magnification
(left) and high magnification (right). (b) Violin plot of the equivalent spherical AuNP diameter
measured for at least 30 particles in the TEM images. Black line shows the 25-75th percentile, while
the open circle corresponds to the mean. (c¢) UV-visible absorption spectra of each SiO,@Au NS with
the median-sized AuNDPs.

2.3. SiO,@Au NS as SERS Substrate

Based on the hotspot structure and plasmonic properties of SiO,@Au NS prepared
using the high-throughput synthesis method, Raman spectroscopy was performed after
adsorbing 4-aminothiophenol (4-ATP) as a Raman label to evaluate the performance of
5i0,@Au NS as a SERS substrate. To demonstrate the effect of the gold shell thickness on
the SERS activity, an excess of 4-ATP (10 mM) was adsorbed on each SiO,@Au NS with
different gold shell thicknesses. The Raman spectra from five kinds of SiO,@Au NS with
gold shell thicknesses ranging from 2.3 to 17.2 nm were compared as shown in Figure 4a.
The SiO,@Au NS, in which the AuNP seeds of 2.3 nm size were arranged, showed no
signal other than the background signal. However, as the gold shell thickness increased, the
Raman signal at 1078 cm ™! (the major band of 4-ATP) increased proportionally. This signal
enhancement was quantitatively confirmed by comparing the intensities at 1078 cm~1, as
shown in Figure 4b. Based on that of the 2.3 nm-sized AuNP-seeded silica NP before the
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growth, the peak SERS intensity was calculated to be enhanced by 18, 78, 138, and 162 times
at SiO,@Au NS with gold shell thicknesses of 8.3, 11.7, 13.2, and 17.2 nm, respectively.
Comparing the absorption at 780 nm, which is the laser irradiation wavelength for SERS
analysis, it is almost consistent with the trend of the SERS signal corresponding to the gold
shell thickness. The relationship between the plasmonic resonance and SERS intensity
matched well with those previously reported for various nanostructures [22,23]. Based on
this relationship observed for SiO,@Au NS, it can be inferred that a stronger electromagnetic
field enhancement occurred as a result of the enhanced dipole resonances of LSPR in the
thicker shell. Therefore, the proposed SiO,@Au NS fabrication method is successful as a
high-throughput synthesis method capable of controlling LSPR and SERS, which are the
main characteristics of plasmonic NP-based sensors.
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Figure 4. (a) SERS spectra of SiO,@Au NS with different median AulNP sizes and (b) peak SERS
intensities with the peak absorbance at 780 nm. (c) SERS spectra and (d) peak SERS intensities of
SiO,@Au NS incubated with different concentrations of 4-ATP.

To optimize the SERS labeling process, the treatment concentration of 4-ATP solution
was varied from 0.01 to 10 mM, and the corresponding Raman spectra were measured and
compared; the results are shown in Figure 4c. In the case of SiO,@Au NS, with a shell
thickness of 17.2 nm, all the particles treated with 4-ATP at a concentration of >0.05 mM
showed clear SERS signals at the characteristic Raman scattering frequencies (387, 1078,
and 1587 cm™~!) of 4-ATP. In the plot comparing the peak SERS intensity at 1078 cm ™!, a
drastic signal change between the blank solution and the 0.1 mM solution was observed;
however, at higher concentrations, the signal intensity did not increase, and the signal
became saturated (Figure 4d). It can be assumed that the amount of 4-ATP adsorbed on the
hotspots of SiO,@Au NS reached its upper limit at 0.1 mM.

To compare the SERS activities on the two kinds of SiO,@Au NS prepared by the
proposed high-throughput synthesis method and the reported method, the ratio between
the reactants was adjusted to be the same (mg NP/umol Au>* = 1/11) during the seed-
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mediated growth process. The SiO,@Au NS synthesized by both the high-throughput and
the previously reported methods exhibited a gold shell surface closely packed with AuNPs
in TEM images (Figure S4).

In relation to that prepared by the previously reported method, the SiO,@Au NS
prepared by the high-throughput synthesis method exhibited similar shapes of LSPR bands
across the entire UV-visible region, with almost the same peak absorbance wavelengths at
600 nm (Figure 5a). This is because both the nanostructures of the SiO,@Au NS prepared
by the reported and proposed methods were similar. In the SERS spectra measured after
labeling with 4-fluorothiophenol (4-FBT) under the optimized conditions, the SiO,@Au
NS prepared by the reported and the proposed methods showed the characteristic signals
corresponding to the vibrational modes (Figure 5b). When comparing the peak SERS
intensity at 1074 cm !, as shown in Figure 5c, the signals of almost similar intensities were
observed with a coefficient of variation (CV) of 5.46%. These results suggest that SiO,@Au
NS prepared by the proposed high-throughput synthesis method at a 50-times higher
scale exhibited SERS activity comparable to that of previously reported gold nanoshells
and that of the SiO,@Au NS prepared by the previously reported method. Therefore, the
high-throughput synthesis method of SiO2@Au NSs proposed in this work can achieve
improved productivity for industrial applications while maintaining tunable LSPR and
SERS characteristics.
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Figure 5. LSPR and SERS characteristics of SiO,@Au NS prepared by the reported method (0.2 mg)
and the proposed high-throughput (10 mg) synthesis method. (a) Normalized absorption spectra
with the maximum LSPR wavelength. (b) SERS spectra and (c) peak SERS intensity of SiO,@Au NS
treated with blank (grey columns) and 4-FBT solution (red columns).

3. Materials and Methods
3.1. Chemicals

Tetraethyl orthosilicate (TEOS), THPC, gold(Ill) chloride, PVP (average molecular
weight ~ 10,000), APTS, AA, 4-FBT, and 4-ATP were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Ethanol (>99.9%) and aqueous ammonia solution (NH3, 25-28%)
were purchased from Daejung Chemicals and Metals (Siheung, Republic of Korea). Deion-
ized water was obtained using an AquaMAX Ultra 370 water purification system (Younglin
Instruments, Anyang, Republic of Korea).

3.2. Characterization

TEM sample was prepared by drop casting the dispersion of NPs on the formvar-
coated 200 mesh copper grids. TEM analysis was performed using a JEM-1010 instrument
(JEOL, Tokyo, Japan) operated at an acceleration voltage of 80 kV. The UV-Vis absorption
spectra were measured using a single-beam-type UV-Vis spectrophotometer (U-5100, HI-
TACH]I, Tokyo, Japan). The sizes of the AuNPs were calculated from at least 30 particles in
the TEM images using the Image] 1.52a software (National Institutes of Health, Bethesda,
MD, USA).
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3.3. Synthesis of AuNP Seeds

The AuNPs were prepared using THPC as a reducing agent and stabilizer [24]. First,
the NaOH solution (0.2 M, 1.5 mL) was diluted by mixing with deionized water (47.5 mL) in
a 100 mL round bottom flask. Next, the THPC solution (80%, 12 uL) and gold(III) chloride
solution (50 mM, 1 mL) were added sequentially. In alkaline conditions, THPC generates
both formaldehyde and hydrogen which can act as an effective reducing species [25]. Due
to the formation of ultra-small AuNP seeds through this mechanism, the solution turns
dark brown as soon as the Au®* precursor solution is added. The mixture was stirred
vigorously for 1 h. The prepared colloidal AuNPs were stored in a refrigerator at 4 °C.

3.4. High-Throughput Synthesis of SiO,@Au NS

SiO,@Au NS was prepared using silica NP support. First, silica NPs were prepared
following the Stober process [26]. Briefly, TEOS (1.6 mL) was mixed with ethanol (40 mL)
in a round bottom flask, and the NHj solution (3-5.5 mL) was added to obtain silica NPs
of various sizes. The reaction mixture was stirred vigorously for the first 1 h at 60 °C,
followed by stirring for 19 h at room temperature. The solution was washed several times
with ethanol via centrifugation at 9000x g. Next, the resulting silica NPs (15 mg) were
modified with amino groups by stirring with APTS (15.5 uL) and NHj3 solution (10 puL) in a
vortex mixer. After stirring for 15 h, the mixture was washed several times with ethanol via
centrifugation. The aminated silica NPs (2 mg) were then mixed with the AuNP solution
(10 mL), and the mixture was stirred overnight to prepare AuNP-seeded silica NPs. After
washing with deionized water, the resulting dark brown pellets were dispersed in ethanol.
Using the as-prepared AuNP-seeded silica NPs, SiO,@Au NS was synthesized using a
newly optimized seed-mediated growth process. The AuNP-seeded silica NPs (10 mg)
were dispersed in the PVP solution (100 mL, 1 mg/mL PVP) and transferred to a glass
vial. The vial was then combined with an infusion pump system loaded with an aqueous
solution of gold(III) chloride (50 mM) and ascorbic acid (100 mM). While the dispersion was
being stirred, each solution was added simultaneously at a fixed flow rate (36.67 puL/min)
for 0.5,1, 1.5, and 2 h to adjust the final volume of each solution to 1.1, 2.2, 3.3, and 4.4 mL.
The resulting mixture was sequentially washed with deionized water and ethanol at 3000 g.
The pellet was then re-dispersed in ethanol (10 mL) and stored in a refrigerator.

3.5. SERS Measurement

For SERS analysis, SiO,@Au NS (0.2 mg) was incubated with an ethanolic solution
(0.5 mL) of each Raman label (4-ATP or 4-FBT). After incubation for 1 h in a vortex mixer,
the resulting mixture was separated via centrifugation at 15,000x g for 10 min. The
separated pellet was washed three times and redispersed in ethanol. Raman spectroscopy
was performed using a DXR3 Raman microscope (Thermo Fischer Scientific, Waltham, MA,
USA) coupled with a 780 nm high-power laser. The laser was focused in the middle of
a glass capillary filled with colloidal SiO,@Au NS (1 mg/mL). The Raman spectra were
collected at an exposure time of 16 s and a laser power of 150 mW. All data represent the
average of three measurements and were subtracted from the background Raman signal of
each SiO,@Au NS without Raman labels.

4. Conclusions

In summary, this study proposed a high-throughput synthesis method for SiO,@Au
NS at a scale 50 times higher than that of previously reported methods. Monodispersed
5i0,@Au NS with closely packed structures was prepared without the uncontrolled ag-
gregation of AuNPs by using a double-channel syringe pump during the addition of
the precursor solution. SiO,@Au NS prepared by the high-throughput synthesis method
showed strong SERS signals for the adsorbed Raman labels, similar to those observed for
the sample synthesized by a previously reported method. Due to the easily controllable
structures and SERS activity of S5iO,@Au NS, the proposed high-throughput synthesis
method can be used for fabricating tunable plasmonic sensors for industrial applications.
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The limitations of the proposed method include (1) difficulty in achieving a gold shell
thicker than 17.2 nm by adding the precursor solution dropwise above the reported vol-
ume and (2) challenging separation of large individual AuNPs derived from excess gold
precursors. By overcoming these limitations, the investigation of the correlation between
absorption and SERS scattering activity at high thicknesses, particularly in the range of
tens to hundreds of nanometers, will be possible.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms25031649/s1.

Author Contributions: Conceptualization, X.-H.P. and Y.-H.K.; methodology, X.-H.P. and Y.-H.K,;
software, Y.-H.K.; validation, Y.-H.K. and X.-H.P.; formal analysis, X.-H.P; investigation, Y.-H.K,;
resources, Y.-H.K,, K.Y, H.-5.C. and K.-M.H.; data curation, Y.-H.K. and H.-S.C.; writing—original
draft preparation, Y.-H.K.; writing—review and editing, H K. and B.-H.J.; visualization, Y.-H.K,;
supervision, X.-H.P. and B.-H.J.; project administration, B.-H.J.; funding acquisition, B.-H.J. All
authors have read and agreed to the published version of the manuscript.

Funding: The research described in this study was funded by Konkuk University (2023-A019-0103).
Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Oldenburg, S.J.; Averitt, R.D.; Westcott, S.L.; Halas, N.J. Nanoengineering of Optical Resonances. Chem. Phys. Lett. 1998, 288,
243-247. [CrossRef]

2. Tam, F; Goodrich, G.P; Johnson, B.R.; Halas, N.J. Plasmonic Enhancement of Molecular Fluorescence. Nano Lett. 2007, 7, 496-501.
[CrossRef] [PubMed]

3.  Cai, W. Applications of Gold Nanoparticles in Cancer Nanotechnology. Nanotechnol. Sci. Appl. 2008, 1, 17-32. [CrossRef]
[PubMed]

4.  Zhao, J.; Wallace, M.; Melancon, M.P. Cancer Theranostics with Gold Nanoshells. Nanomedicine 2014, 9, 2041-2057. [CrossRef]

5. Prodan, E.; Radloff, C.; Halas, N.J.; Nordlander, P. A Hybridization Model for the Plasmon Response of Complex Nanostructures.
Science 2003, 302, 419-422. [CrossRef]

6. Oldenburg, S.J.; Hale, G.D.; Jackson, ].B.; Halas, N.J. Light Scattering from Dipole and Quadrupole Nanoshell Antennas. Appl.
Phys. Lett. 1999, 75, 1063-1065. [CrossRef]

7. Heck, K.N.; Janesko, B.G.; Scuseria, G.E.; Halas, N.J.; Wong, M.S. Using Catalytic and Surface-Enhanced Raman Spectroscopy-
Active Gold Nanoshells to Understand the Role of Basicity in Glycerol Oxidation. ACS Catal. 2013, 3, 2430-2435. [CrossRef]

8. Huschka, R.; Barhoumi, A.; Liu, Q.; Roth, J.A.; Ji, L.; Halas, N.J. Gene Silencing by Gold Nanoshell-Mediated Delivery and
Laser-Triggered Release of Antisense Oligonucleotide and SiRNA. ACS Nano 2012, 6, 7681-7691. [CrossRef]

9. Wang, Y,; Qian, W,; Tan, Y.; Ding, S. A Label-Free Biosensor Based on Gold Nanoshell Monolayers for Monitoring Biomolecular
Interactions in Diluted Whole Blood. Biosens. Bioelectron. 2008, 23, 1166-1170. [CrossRef]

10. Stiles, P.L.; Dieringer, J.A.; Shah, N.C.; Van Duyne, R.P. Surface-Enhanced Raman Spectroscopy. Annu. Rev. Anal. Chem. 2008, 1,
601-626. [CrossRef]

11. Bian, K,; Zhang, X,; Yang, M.; Luo, L.; Li, L.; He, Y.; Cong, C.; Li, X.; Zhu, R.; Gao, D. Dual-Template Cascade Synthesis of Highly
Multi-Branched Au Nanoshells with Ultrastrong NIR Absorption and Efficient Photothermal Therapeutic Intervention. J. Mater.
Chem. B 2019, 7, 598-610. [CrossRef] [PubMed]

12.  Sun, Y,; Xia, Y. Gold and Silver Nanoparticles: A Class of Chromophores with Colors Tunable in the Range from 400 to 750 nm.
Analyst 2003, 128, 686-691. [CrossRef] [PubMed]

13.  Vankayala, R.; Lin, C.C.; Kalluru, P; Chiang, C.S.; Hwang, K.C. Gold Nanoshells-Mediated Bimodal Photodynamic and
Photothermal Cancer Treatment Using Ultra-Low Doses of near Infra-Red Light. Biomaterials 2014, 35, 5527-5538. [CrossRef]

14. Sun, Y,; Xia, Y. Increased Sensitivity of Surface Plasmon Resonance of Gold Nanoshells Compared to That of Gold Solid Colloids
in Response to Environmental Changes. Anal. Chem. 2002, 74, 5297-5305. [CrossRef]

15.  Rasch, M.R.; Sokolov, K.V.; Korgel, B.A. Limitations on the Optical Tunability of Small Diameter Gold Nanoshells. Langmuir 2009,
25,11777-11785. [CrossRef] [PubMed]

16. Bock, S.; Choi, Y.S.; Kim, M.; Yun, Y.; Pham, X.H.; Kim, J.; Seong, B.; Kim, W,; Jo, A.; Ham, KM.; et al. Highly Sensitive

Near-Infrared SERS Nanoprobes for in Vivo Imaging Using Gold-Assembled Silica Nanoparticles with Controllable Nanogaps. J.
Nanobiotechnol. 2022, 20, 130. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms25031649/s1
https://www.mdpi.com/article/10.3390/ijms25031649/s1
https://doi.org/10.1016/S0009-2614(98)00277-2
https://doi.org/10.1021/nl062901x
https://www.ncbi.nlm.nih.gov/pubmed/17256995
https://doi.org/10.2147/NSA.S3788
https://www.ncbi.nlm.nih.gov/pubmed/24198458
https://doi.org/10.2217/nnm.14.136
https://doi.org/10.1126/science.1089171
https://doi.org/10.1063/1.124597
https://doi.org/10.1021/cs400643f
https://doi.org/10.1021/nn301135w
https://doi.org/10.1016/j.bios.2007.10.020
https://doi.org/10.1146/annurev.anchem.1.031207.112814
https://doi.org/10.1039/C8TB02753F
https://www.ncbi.nlm.nih.gov/pubmed/32254793
https://doi.org/10.1039/b212437h
https://www.ncbi.nlm.nih.gov/pubmed/12866889
https://doi.org/10.1016/j.biomaterials.2014.03.065
https://doi.org/10.1021/ac0258352
https://doi.org/10.1021/la901249j
https://www.ncbi.nlm.nih.gov/pubmed/19711913
https://doi.org/10.1186/s12951-022-01327-7

Int. J. Mol. Sci. 2024, 25, 1649 11 0f 11

17.

18.

19.

20.

21.

22.
23.
24.
25.

26.

Schliicker, S. Surface-Enhanced Raman Spectroscopy: Concepts and Chemical Applications. Angew. Chem. Int. Ed. 2014, 53,
4756-4795. [CrossRef]

Duraiswamy, S.; Khan, S.A. Plasmonic Nanoshell Synthesis in Microfluidic Composite Foams. Nano Lett. 2010, 10, 3757-3763.
[CrossRef]

Watanabe, S.; Asahi, Y.; Omura, H.; Mae, K.; Miyahara, M.T. Flow Microreactor Synthesis of Gold Nanoshells and Patchy Particles.
Adv. Powder Technol. 2016, 27, 2335-2341. [CrossRef]

Pham, X.H.; Hahm, E.; Kang, E.; Son, B.S.; Ha, Y.; Kim, H.M.; Jeong, D.H.; Jun, B.H. Control of Silver Coating on Raman Label
Incorporated Gold Nanoparticles Assembled Silica Nanoparticles. Int. J. Mol. Sci. 2019, 20, 1258. [CrossRef]

Ayala-Orozco, C.; Urban, C.; Knight, M.W.; Urban, A.S.; Neumann, O.; Bishnoi, S.W.; Mukherjee, S.; Goodman, A.M.; Charron, H.;
Mitchell, T.; et al. Au Nanomatryoshkas as Efficient Near-Infrared Photothermal Transducers for Cancer Treatment: Benchmarking
against Nanoshells. ACS Nano 2014, 8, 6372—-6381. [CrossRef] [PubMed]

Wu, H.; Luo, Y.; Hou, C.; Huo, D.; Zhou, Y.; Zou, S.; Zhao, J.; Lei, Y. Flexible Bipyramid-AuNPs Based SERS Tape Sensing Strategy
for Detecting Methyl Parathion on Vegetable and Fruit Surface. Sens. Actuators B Chem. 2019, 285, 123-128. [CrossRef]

Zhao, Y.X.; Zhu, WW.; Wy, Y.Y,; Chen, Y.Y;; Du, EK; Yan, J.; Tan, X.C.; Wang, Q. Sensitive Surface-Enhanced Raman Scattering for
the Quantitative Detection of Formaldehyde in Foods Using Gold Nanorod Substrate. Microchem. |. 2021, 160, 105727. [CrossRef]
Duff, D.G; Baiker, A.; Edwards, P.P. A New Hydrosol of Gold Clusters. J. Chem. Soc. Chem. Commun. 1993, 9, 96-98. [CrossRef]

Hueso, J.L.; Sebastidn, V.; Mayoral, A.; Usén, L.; Arruebo, M.; Santamaria, J. Beyond Gold: Rediscovering Tetrakis-
(Hydroxymethyl)-Phosphonium Chloride (THPC) as an Effective Agent for the Synthesis of Ultra-Small Noble Metal
Nanoparticles and Pt-Containing Nanoalloys. RSC Adv. 2013, 3, 10427-10433. [CrossRef]

Stober, W.; Fink, A.; Ernst Bohn, D. Controlled Growth of Monodisperse Silica Spheres in the Micron Size Range. J. Colloid Interface
Sci. 1968, 26, 62-69. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/anie.201205748
https://doi.org/10.1021/nl102478q
https://doi.org/10.1016/j.apt.2016.08.013
https://doi.org/10.3390/ijms20061258
https://doi.org/10.1021/nn501871d
https://www.ncbi.nlm.nih.gov/pubmed/24889266
https://doi.org/10.1016/j.snb.2019.01.038
https://doi.org/10.1016/j.microc.2020.105727
https://doi.org/10.1039/c39930000096
https://doi.org/10.1039/c3ra40774h
https://doi.org/10.1016/0021-9797(68)90272-5

	Introduction 
	Results and Discussion 
	High-Throughput Synthesis of SiO2@Au NS 
	Control of Gold Shell Thickness 
	SiO2@Au NS as SERS Substrate 

	Materials and Methods 
	Chemicals 
	Characterization 
	Synthesis of AuNP Seeds 
	High-Throughput Synthesis of SiO2@Au NS 
	SERS Measurement 

	Conclusions 
	References

