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The fabrication of hollow metal nanostructures on a silica core template has been widely studied by taking
advantage of the chemical stabilities of silica cores. When the size of the silica core reduces, however, this
benefit is no longer effective because there are the synthetic difficulties which often cause dispersion
instability, and therefore finally the aggregations of nanoparticles (NPs) are often caused during
introduction of metallic nanostructures. This study reports the successful fabrication of silver nanoshells
(AgNSs; 119, 152, 165, 186, and 207 nm) on amorphous silica nanoparticles (Si NPs) of different core sizes
(59, 82, 103, 124, and 148 nm) by overcoming the increased instabilities during fabrication with reduced
core sizes. Improvements related to fabrication were made by changing the reducing agents, controlling
the amount of the dispersing agent and the concentration of Si NPs. All the AgNSs showed broad
extinction from the visible to the near-infrared (NIR) region regardless of particle sizes, and their size-
dependent surface properties were analyzed by introducing a concept of roughness factor, with AgNS of
152 nm exhibiting the highest degree of roughness. High SERS enhancements of AgNSs of all sizes were
observed at three laser excitation wavelengths (532, 660, and 785 nm), and these enhancements
correlated positively with the surface roughness. Therefore, our results provide a clear understanding of
size-dependent SERS activity for AgNS, facilitating proper selection of AgNS with an appropriate size
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Of these substrates, nanoshells consisting of silica cores sur-
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Surface-enhanced Raman scattering (SERS) has been exten-
sively studied in various fields such as material science,“?
physical chemistry> and nanobiotechnology due to its
outstanding sensitivity affording single-molecular level detec-
tion,> multiplexing capability and resistance to photo-
bleaching.® For optical tuning of localized surface plasmon
resonance (LSPR), several classes of metal nanoparticles (NPs)
such as nanoshells,*® hollow nanospheres,” nanorods, and
nanostars," have been developed as promising SERS substrates.
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rounded by noble metals, usually gold or silver, can be
controlled to have unique optical properties. For example, LSPR
bands can be tuned from the visible to the near-infrared (NIR)
region by changing shell thicknesses and core size."”™® This
optical tunability contributes to biosensing and imaging
applications of nanoshells as SERS-active substrates.'*'>"”
However, with respect to their synthesis, fabricating a metal
shell on a small-sized silica core (<100 nm) is problematic
because of aggregation of the hybrid structures. The NPs tend to
decrease their surface energies during synthesis. In addition,
the NPs with smaller core sizes and high surface curvatures
have higher critical energy barriers (AG*) resulting in incom-
plete and non-uniform metal shells.® Hence, the deposition of
a uniform and complete metal shell on a smaller core still
remains a challenge.'®

Metal nanoshells have been developed by several synthetic
routes such as seed-mediated growth,>*'"*> multistep layer-by-
layer (LBL) deposition,"*'* thermal evaporation methods,"
and sonochemical processes.'® Recently, our group has reported
on a simple and one step seedless fabrication method for
bumpy silver nanoshells (AgNSs). They are effective in SERS
enhancement compared to a smooth metal shell owing to the
high concentration of the electromagnetic field at the rough
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bumpy surfaces.!®2! During the process, Ag" ions are reduced by
alkylamine through single electron transfer from the amino
group of alkylamine to the Ag" ions under mild conditions
(room temperature), and then Ag® atoms are nucleated to form
a Ag shell.** This facile reduction of Ag" ions is ascribed to
a significant increase in their reduction potentials in ethylene
glycol.**** The increase in their reduction potentials allows the
favourable electron transfer, even from the amino group to the
Ag' ions at room temperature.

Here, we report on the size-dependent optical characteristics
of AgNSs by extending our previous studies. We controlled the
sizes of AgNSs by changing the sizes of the silica cores ranging
from ca. 60 to 150 nm. Consecutive LSPR and SERS profiles were
explored for AgNSs with different sizes. By varying the sizes of
AgNSs, the peaks of the surface plasmon absorption bands
could be tuned, while all the AgNSs exhibited broad extinction
bands over the range of 350-800 nm regardless of each particle
size. The roughness of AgNSs was defined and calculated,
affording an insight into the size-dependent SERS activities
with high enhancement factors under three different laser
excitation wavelengths (532, 660, and 785 nm).

Materials and methods

Materials

Tetraethyl orthosilicate (TEOS), Triton X-100 (for molecular
biology), cyclohexane (anhydrous, 99.5%), 1-hexanol (reagent
grade, 98%), 3-mercaptopropyltrimethoxysilane (MPTS), ethylene
glycol (spectrophotometric grade, =99%), silver nitrate (AgNO;,
99.99%), polyvinylpyrrolidone (PVP, average M.W. 40 000),
ammonium hydroxide (NH,OH, 28-30%), octylamine, ethanol-
amine, and 4-fluorobenzenethiol (4-FBT) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Absolute ethanol (99.9%) and
anhydrous ethanol (99%) were purchased from Daejung (Busan,
Korea). All chemicals were used without further purification.

Synthesis of silica core nanoparticles of different size

The silica nanoparticles (Si NPs) of ca. 100 nm diameter or less
were synthesized by a reverse micelle method.*” To vary the size
of Si NP, we controlled the concentrations of Triton-X as
a surfactant, 1-hexanol as a co-surfactant, and ammonium
hydroxide. The detailed conditions used are summarized in ESI
Table S1.f Triton-X, and 1-hexanol were dissolved in 7.7 mL of
cyclohexane, and 350 pL of deionized water. The resulting
mixture was stirred at 700 rpm for 10 min. After the reverse
micelles were formed in oil phase, aqueous ammonium
hydroxide (28-30%) and 50 pL of TEOS were added to the
mixture. The reaction was continued for 20 h while the mixture
was vigorously stirred at room temperature. The synthesized Si
NPs were centrifuged and then washed with ethanol several
times to remove excess reagents. The sizes of Si NPs obtained
were estimated to have diameters of 42, 59, 82, and 103 nm
respectively. The Si NPs that are larger than 100 nm were
synthesized by the Stober method.>* A 1.6 mL aliquot of TEOS
was dissolved in 40 mL of absolute ethanol, and 2.8 mL (for
124 nm sized Si NP) or 3.0 mL (for 148 nm sized Si NP) of
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aqueous ammonium hydroxide (28-30%) was added to the
mixture. The resulting mixture was stirred for 20 h at room
temperature. The synthesized Si NPs were centrifuged and then
washed with ethanol several times to remove the excess
reagents.

Synthesis of bumpy silver nanoshells of different size

AgNSs were synthesized through direct reduction of silver
nitrate on thiol-functionalized silica surfaces in the presence of
octylamine. Octylamine plays a role not only as a capping
ligand, but also as a reducing agent for Ag" ions, initiating
nucleation of Ag® NPs on the surfaces of silica cores and growth
to silver shells.”*** The Si NPs were dispersed in separate 1 mL
ethanol solutions containing 50 pL of MPTS and 10 pL of
aqueous ammonium hydroxide (28-30%) for thiol-
functionalization. The mixtures were stirred for 6 h at 25 °C,
and the resulting MPTS-treated silica NPs were repeatedly
centrifuged and dispersed in ethanol. For Si NPs of each size,
a different amount of MPTS-treated Si NPs was dispersed in
25 mL ethylene glycol containing 5 mg of PVP, and then 25 mL
of an AgNO; solution (to a final AgNO; concentration of 3.5 mM)
was added to the preparation. The suspension was vigorously
mixed to achieve silica dispersion. In the case of the smaller Si
NPs (42, 59, 82, and 103 nm), 19.5 uL of ethanolamine was
rapidly added into the silica preparation. We also used 41.2 pL
of octylamine (each final concentration was 5 mM). The
resulting mixtures (AgNSs) were stirred for 1 h at 25 °C, and
then centrifuged, and washed with ethanol several times for
purification. The amounts of MPTS-treated silica NPs used for
each size category of Si NPs are shown in ESI Table S2.f

Raman labelling on AgNSs

The AgNSs (5.0 x 10'° particles) in each size were transferred to
the 4-fluorobenzenethiol solutions (2 mM in ethanol). The
resulting dispersions were shaken for 1 h at room temperature,
and then centrifuged and washed with ethanol several times. In
order to avoid the aggregation of AgNSs, 1 mL of PVP (0.025 mM
in ethanol) was mixed with AgNSs (5.0 x 10" particles) bearing
Raman labels for 30 min, followed by repeated centrifugation
and resuspension in deionized water.

Characterization

After fabrication, AgNSs are optically characterized as shown in
Fig. 1. UV-Visible extinction spectra of various sized AgNSs were
obtained using an UV-Visible spectrometer (Cary 300, Varian,
USA). The sizes, morphologies and homogeneities of the AgNSs
were analyzed using a scanning electron microscope (SEM;
SUPRA 55VP, Carl Zeiss) and a transmission electron micro-
scope (TEM; JEM1010, JEOL). The SERS spectra of the AgNSs
were obtained using a confocal Raman microscope (LabRam
300, JY-Horiba). The Raman scattered light for each AgNS was
collected in 180° back-scattering geometry and detected using
a spectrometer equipped with a thermoelectrically cooled
(=70 °C) charge-coupled device (CCD) detector. SERS signals
from the samples in a capillary tube were collected using a x10
objective lens (NA 0.25) with three different laser lines (532, 660,
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Fig. 1 Schematic illustration for the investigation of the size-depen-
dent optical properties using AgNSs of various sizes. (a) Si NP cores of
various sizes, (b) synthesis of AgNSs with tunable sizes using (a). (c)
Analysis of the size-dependent optical properties of AgNS and SERS
activities.

and 785 nm). The 532 nm laser line from an Nd:YAG laser
(Crystal Laser, Reno, NV, USA), the 660 nm laser line from
a diode-pumped solid-state laser (Cobolt Flamenco, Sweden),
and the 785 nm laser line from a diode-pumped solid-state laser
(Crystal Laser, Reno, NV, USA) were used for excitation sources.
For single-particle SERS measurement, the samples were
dropped on a patterned slide glass, and SERS spectra were
measured by point-by-point mapping with a 1 um step size. The
mapping experiments were carried out using a x100 objective
lens (NA 0.90) for three laser lines (532, 660, and 785 nm). After
the SERS measurement, SEM images of the same area were
obtained for single particle-based analysis. The 20 particles of
AgNSs were analyzed for estimation of single-particle SERS
activity for each different size of the Si NPs and for each laser
line.

Results and discussion

Synthesis and characterization of bumpy silver nanoshells of
different sizes

The final size of AgNSs were modulated by controlling the size
of the silica cores. AgNS from 170 nm sized Si NP (denoted as
AgNS_C170) was successfully fabricated by a previously re-
ported method.” However, we found that small core sizes
affected the Ag shelling process. When using the same
method,* AgNS fabricated from 40 nm sized Si NP (denoted as
AgNS_C40) formed aggregates to decrease the relatively high
surface energies due to the small core sizes (ESI Fig. Sla and
b+t).*® For the successful synthesis of smaller AgNSs, the reaction
condition needed to be modified to achieve a balance between
aggregation (partial shell formation) and over-shelling in the
fabrication processes. The proper Ag shelling conditions for
maintaining dispersion stabilities of AgNSs were found by using
different kinds of alkylamines, such as ethanolamine and
propanolamine, instead of octylamine, and by varying the
amounts of silica cores, PVP, and AgNO; (see ESI Fig. S27).
Hence, AgNS_C40 could be fabricated without aggregation, as
shown in ESI Fig. Sic.f Note that tuning the amount of Si NPs
for the different size Ag shell seemed to be a critical factor for
successful AgNS formation. Si NPs in excess of certain ratios
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easily led to agglomeration. Poor yields with over-shelling of
structures were obtained when the amounts of the Si NPs
dropped below certain ratios. This result led to reduction in the
typical optical properties of Ag shell conferred by the hollow
NPs. The UV-Visible-NIR spectra of the AgNS_C170 and
AgNS_40 are shown in ESI Fig. S1d.t The AgNS_40 that was
obtained by the modified fabrication condition exhibited the
common feature of a broad absorption peak spanning the NIR
region as shown by AgNS_C170, while the AgNS_C40 prepared
by the previous condition exhibited an absorption band near
470 nm caused by an incomplete silver coating.?

In order to obtain AgNSs of different sizes, we used Si NP
cores of various sizes (59, 82, 103, 124, and 148 nm in average)
as starting materials, as shown in Fig. 2a. As mentioned above,
the amounts of Si NPs were varied according to the sizes for
controlling the reacting surface area of Si NPs, as shown in ESI
Table S2.7 As a result, we obtained the AgNSs of 119, 152, 165,
186 and 207 nm sizes, respectively, with bumpy morphologies
(Fig. 2b and c), and the relative size distributions of AgNSs were
21%, 6.6%, 6.7%, 6.5%, and 3.4% respectively (ESI Table S37).
The monodispersity of AgNSs generally increased with their
sizes. The Ag shell thickness was controlled to around ~30 nm
for all the AgNSs. The detailed information of the cores, final
sizes, and the shell thickness are summarized in ESI Table S3.}

The extinction spectrum of each different AgNS was shown
in Fig. 2d. In all cases, the AgNSs exhibited broad extinction
features over the almost entire visible range (350-800 nm)
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Fig. 2 Synthesis of bumpy silver nanoshells (AgNSs) of various sizes
using silica nanoparticles (Si NPs) of various sizes. (a) TEM images of Si
NPs with diameters of (i) 59 nm, (ii) 82 nm, (iii) 103 nm, (iv) 124 nm, and
(v) 148 nmin average. (b) The TEM (upper panel) and SEM (lower panel)
images of the synthesized AgNS of (I) 119 nm, (Il) 152 nm, (lll) 165 nm,
(IV) 186 nm, and (V) 207 nm. Using the Si NPs of (a). (c) Correlation
between the diameters of Si NP cores (i)—(v) and those of AgNSs (1)-(V)
(mean £ S.D., n = 20). (d) The absorption spectra of AgNSs (I)-(V).
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regardless of their sizes. It reveals that the size-tuned AgNSs
have potentials as effective SERS nanoprobes over the entire
visible wavelength range and that the size of AgNSs could be
selected for each application. Most of the AgNSs exhibited
strong absorption from the visible to the NIR region, while the
smaller ones gave slightly decreased absorption at longer
wavelengths. It might be attributed to the fact that the excita-
tion cross-sections of larger AgNSs depend on higher-order
multiple modes which cause the plasmonic resonance shifts
to longer wavelengths and the broadening of bandwidths in
addition to dipole absorption.**

Roughness parameters according to the size of AgNS

It is well known that roughened noble metal surfaces could
contribute to strong SERS enhancements by producing effective
SERS active sites with concentrated local electromagnetic
fields.” In order to relate to the size-dependent SERS
enhancement of AgNS with the roughness of AgNS, we need to
define the roughness of each different size of the AgNS. AgNS is
composed of a Si NP as a core particle and Ag NPs that are
assembled on the surface of the silica core, forming a bumpy
shell. Because the thickness of Ag NPs formed on a core with
a different size was similarly controlled to be ca. 30 nm, as
shown in ESI Fig. S3,1 we could expect that the roughness would
increase with a drop in core size.

To quantitatively correlate the roughness of AgNS to its size,
we estimated the roughness using a simple model. We defined
the roughness as an arithmetic average of deviation heights.”**”
Fig. 3a illustrates the method for estimating the roughness of
AgNS. First, a mean line sphere (MLS) was defined; the sphere of
equal volume with single AgNS was termed as MLS. Then, the
non-overlapping volume between MLS and AgNS was normal-
ized by the surface of MLS. The roughness (R) of individual
AgNS was defined by the following equation:*”**

1

S
R=— ”AIZ(x,y)\dxd%

where A is the surface of MLS, r is the radius (mean curvature) of
MLS, and Z(x, y) is deviation height. Therefore, the integral of
|Z(x, y)| corresponds to the sum of deviation heights, namely
non-overlapping volume between MLS and AgNS. The sum of
deviation heights (total volume above/below the MLS) was
divided by the surface area of MLS (A) to calculate the arithmetic
average of deviation heights. Because curvatures of the
substrate (Si NP) also matter in evaluating roughness, normal-
ization of this effect also required. Thus, curvatures of MLS (1/r)
are reflected in this calculation. The calculated roughness
decreased as the size of AgNS became larger (Fig. 3b). The trend
of roughness is in good agreement with our assumption that the
roughness would increase with a reduction in core size. The
detailed method and the calculation results are shown in ESI
Fig. S4 and Table S4.f

The size effect of AgNSs on SERS activity

Finally, we explored the SERS activity of the AgNSs depending
on the excitation wavelength. Each AgNS was treated with
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Calculated roughness factors according to the sizes of AgNSs.

4-FBT, which was chemisorbed on the silver shell surfaces. Due
to the additional treatment with PVP, 4-FBT labeled AgNSs
(AgNS,.ppr) were well dispersed in ethanol without aggregation
in solution as shown in ESI Fig. S5.f The Raman spectrum of 4-
FBT adsorbed on AgNSs of the same particle concentration in
ethanol solution was measured using three different laser line
excitations (532, 660 and 785 nm), and normalized with
a typical band of ethanol (882 cm™") (ESI Fig. S6at). To inves-
tigate SERS enhancement factor® according to the size of AgNS,
the band intensity at 1075 cm™ ' was normalized with the
surface area (ESI Fig. S6bt). The result showed that the SERS
activities decreased as the AgNS size increased regardless of
laser excitation wavelength, except for the case of the smallest
AgNS. The SERS activities of AgNS,ppr increased with an
increase of the excitation wavelengths from the visible to the
NIR region. The result was consistent with the previous report
showing that the AgNS is an effective NIR-active substrate.*»*!
Interestingly, all AgNSs showed the highest SERS enhance-
ment under 785 nm-excitation rather than 660 nm-excitation
although AgNSs generally showed very strong plasmonic
absorption in the range of 600-700 nm. Many studies have been
reported in relation to the correlation between optical plasmon
resonance and SERS enhancement. In a simple system, the best
excitation was a little blue-shifted with respect to the LSPR

This journal is © The Royal Society of Chemistry 2017
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maximum.*® However, in more complex systems, another
typical observation showed that the randomly distributed hot
spots present excitation laser lines far away from the LSPR.** For
a hot spot dominated system, the enhancing properties do not
follow the spectral properties of the LSPR demonstrating
a separation of LSPR and SERS dispersion. In our previous
study, a similar discrepancy between the LSPR maximum and
the highest SERS excitation was observed.”® Such a discrepancy
can be understood by the difference of LSPR extinction and
SERS:LSPR extinction represents ensemble linear-averaged
feature of numerous hot spot sites and other area of nano-
particles while SERS intensity can be contributed dominantly by
certain hot spot sites that are optimally resonant with the
incident light and stokes Raman scattered light that has always
longer wavelength than the incident one. Our DDA results
revealed that a highly localized E-field at the tips of the bumpy
AgNS surface was shown under the NIR incident light (785 nm),
which was 2.6 times larger than the value under visible incident
light (532 nm).*®

To verify more clearly the correlation between the size and
the SERS enhancement of AgNS, SERS activities of AgNS,.rpr
were further investigated at single-particle level with three
different lasers, as shown in Fig. 4. After the single-particle SERS
measurements had been performed by point-by-point mapping
on AgNS-dispersed glass slides, the SEM images were obtained
and compared with the corresponding SERS intensity maps for

verification of the particle locations. For example,
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a representative SERS intensity map for the 1075 cm™' Raman
band of the AgNS,gpr (152 nm) was overlaid with the corre-
sponding SEM image (Fig. 4a). Fig. 4b shows a typical SERS
spectrum of a single AgNS, ggr. The SERS enhancement factors
(EF) of AgNSs were calculated to be range from 6.4 x 10° to 2.2 x
107 at the three excitation wavelengths (see ESIf). And SERS
enhancement of a single AgNS had a similar tendency to SERS
activity compared with AgNS in solution and AgNS (152 nm)
exhibited the maximum enhancement among the other AgNSs of
different sizes (Fig. 4c). This highly sensitive SERS effect could
come from the bumpy structure of AgNSs generating strong
electric fields regardless of the particle sizes.*® In addition, the
strong SERS activity of the AgNSs indicates that all the AgNSs,
regardless of the sizes, could be used for the SERS-based
molecular detection with visible to NIR excitation wavelengths.

The relationship between SERS intensities and the rough-
ness factor is shown in Fig. 4d. The SERS activity increased as
the roughness factor increased, reaching a maximum at the
roughness factor value of 3.51 with AgNS (152 nm). This result
clearly shows a correlation between the roughness and the SERS
activity, except for the case of the smallest AgNS. This particle
was an outlier, probably due to its heterogeneous surface state
compared to other NPs of bigger sizes. As shown in the ESI
Fig. S7,1 the AgNS (119 nm) exhibited a large size variation,
partially due to incomplete shell formation and aggregation of
NPs. Therefore, the NP gave relatively low SERS activities,
although it had the largest roughness.
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Fig. 4 Single-particle detection of different sized AgNSs. (a) Representative SERS intensity maps of a single AgNS (l1) particle with enhancement
factor values at 1075 cm™?; the intensity map was overlaid with their corresponding SEM image. Laser powers; 532 nm laser: 1.2 mW, 660 nm
laser: 1.6 mW, 785 nm laser: 1.8 mW at sample (b) SERS spectrum obtained from a single particle AgQNS4_ggt (Il) on a sliding glass. The spectrum
was taken with 532 nm photo-excitation and 2 s acquisition time. (c) Calculated enhancement factors of single AgNSs (I)-(V) based on SERS
intensity of 1075 cm™. (d) Correlation between the roughness and Raman intensity (785 nm laser). The Raman intensity decreased as the
roughness of particles (I1)-(V) decreased except AgNS (I) in the red dotted box. The red curve exhibits the strong exponential relationship
between the roughness of AgNSs (Il)-(V) and the SERS intensities. The scale bar is 200 nm.
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Our interpretation is that the roughness-dependent SERS
activity mainly comes from the different degree of conjunctions
among bumps on each surface of the AgNS, termed as hot spots.
The hot spots can mostly contribute to the localized electro-
magnetic mechanism,* and consequently, the SERS activity was
governed by the roughness. When the size of AgNS was
increased, the electromagnetic field at the hot spot was
decreased, resulting in a decrease of its SERS activity. Therefore,
the size of the AgNS showed a good correlation with the SERS
enhancement, which is related to roughness.

Conclusions

In summary, we have analyzed the SERS activities of AgNSs of
different sizes and roughness and successfully demonstrated
their size-dependent SERS characteristics. The diameters of
AgNSs can be finely tuned from ~119 nm to ~207 nm by
changing the size of the silica core. All the AgNSs showed strong
SERS activities at single-particle levels, and SERS enhancement
factors were estimated to range from 6.4 x 10° to 2.2 x 107 at
three different laser excitation wavelengths (532, 660 and
785 nm). The SERS activity was increased by increasing their
roughness and reducing overall sizes, and the highest SERS
signal was observed from a AgNS of 152 nm. Our results can
provide the basis to select appropriate AgNSs for specific
research purposes.
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