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ABSTRACT: Surface enhancement Raman scattering (SERS) is a powerful technique for
detecting low-concentration analytes (chemicals and biochemicals). Herein, a high-
performance SERS biosensing system has been created by using highly stable Ag@oxides
nanoplates as enhancers. The Ag nanoplates were stabilized by coating a uniform ultrathin
layer of oxides (SiO, or TiO,) on the Ag surface through a simple sol—gel route. The thin
oxide layer allows the plasmonic property of the original Ag nanoplates to be retained while
preventing their contact with external etchants. The oxides provide an excellent platform for l m—_0@Si0z-+AT? l
I I -

binding all kinds of molecules that contain a COOH group in addition to a SH group. We —reaTop AT
demonstrate that Ag@oxides have high performance with respect to the typical SERS heeTezey
molecule 4-ATP, which contains a typical SH group. Ag@oxides also can be directly

employed for the SERS detection of amino acids. The highly stable Ag@oxides nanoplates
are believed to hold great promise for fabricating a wide range of biosensors for the detection
of many other biomolecules and may also find many interesting opportunities in the fields of

biological labeling and imaging.
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B INTRODUCTION strategies for obtaining stable Ag nanostructures while
preserving their excellent plasmonic properties for SERS is
highly desirable. The typical approach is to modify the surface
of the Ag nanostructure with a protecting layer of inorganic or
organic materials, such as silica or titania,"* > Au,"®** and self-
assembled monolayers (SAMs) of organic thiols,”>** to keep
Ag nanostructures away from the external media. Although the

interaction between adsorbed molecules and the surface of stability of protected Ag nanostructure has been improved to
plasmonic nanostructures, often the classic SERS substrates of some extent, t'hese existing methpds are still .p.roblematlc. For
gold (Au) and silver (Ag).*® Compared with gold, Ag example, it is hard to obtain a Ag@silica core—shell
nanostructures produce a much stronger and sharper surface nanostructure Wlfgl a shell thickness of <15 nm, which limits
plasmon resonance (SPR) covering a broader spectrum from the use of SERS.”” Au deposition is initiated at specific sites of

Surface-enhanced Raman spectroscopy (SERS) is a powerful
vibrational spectroscopy technique that allows the highly
sensitive structural detection of low-concentration analytes
(chemicals and biomolecules) through the amplification of
electromagnetic fields generated by the excitation of localized
surface plasmons.' ™ SERS is highly dependent on the

the ultraviolet (UV) to infrared (IR) region.”® For example, the Ag r%a‘noparticles, so that t.he system is st:i)le ulnder mild

SPR band of Ag nanoprisms can be tuned from 340 to 1000 nm conditions because of partial Au coverage.” Thiol groups

by changing the size of Ag nanoprisms.”~"' It has long been oxidize the surface and cornet of Ag, thus causing a large

recognized that the use of Ag may lead to devices more decrease in plasmonic activity.

sensitive than Aw.'2 An ideal outer shell layer should provide sufficient protection
However, poor chemical and structural stability has been a against disturbance from the environment but should not

serious issue, limiting the further practical applications, because significantly change the plasmonic property. Herein, we report

the Ag nanostructures tend to evolve into spherical particles,

which results in the SPR band blue shift, under acids,"® Received: March 18, 2014

halides,'* oxidants,"> and heat.'®!” Therefore, there was a rare Accepted: May 18, 2014

report of the SERS application of Ag nanoprisms.'® Developing Published: May 18, 2014

W ACS Publications  © 2014 American Chemical Society 8853 dx.doi.org/10.1021/am501637d | ACS Appl. Mater. Interfaces 2014, 6, 8853—8858


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

——Ag nanoprisms
1.0 ag@sio, A
—Ag@Si0y-2
5 — Ag@Sio2-3
=
g
°
g
- 0.5
@
N
®
£
S
z
0.0

400 500 600 700 800

Wavelength/nm

900

Figure 1. (A) Normalized absorption spectra of the Ag@SiO, core—shell nanoplates before and after they have been coated with various thicknesses
of SiO, shells. Transmission electron microscopy (TEM) images of Ag@SiO, nanoplates with average shell thicknesses of (B) 1.01 + 0.21, (C) 4.69

+ 1.05, and (D) 821 + 1.39 nm.

a simple sol—gel route for producing highly stable Ag
nanoplates with an ultrathin layer of oxides (TiO, and SiO,)
and demonstrate their great potential application for SERS
sensing of chemicals. Traditionally, the chemicals detected by
SERS contain the thiol group, well anchored on the surface of
the noble metal nanostructure. The biomolecules without a SH
group make it difficult to directly modify the bare surface of
metal nanostructures. There have been a few regorts of the
detection of the molecules without a SH group.*® However,
most biomolecules like amino acids contain a carboxyl group
(COOH), which can firmly absorb on the oxide (like SiO, or
TiO,) shell of Ag@oxides, which extends the sensor detection
range of our Ag@oxides nanoplates.

B EXPERIMENTAL SECTION

Chemicals. Poly(sodium styrenesulfonate) (PSSS, 25 wt %
solution in water, M,, = 1000000) was purchased from Sigma-Aldrich.
Silver nitrate, H,0,, NaCl, and n-propanol were purchased from
Beijing Chemical Co. Tetrabutyl titanate (TBT) (AR grade), tetraethyl
orthosilicate (TEOS), sodium citrate, and NH;-H,O were obtained
from Tianjin Guangfu Fine Chemical Research Institute. Sodium
borohydride was purchased from Sinopharm Chemical Reagent Co.
Ascorbic acid, 4-aminothiophenol (4-ATP), and glycine were
purchased from Aladdin Industrial Corp. All the chemicals were
used without further purification. Deionized water was purified
through a Milli-Q water purification system, and the resistivity was
18.2 MQ cm.

Synthesis of Ag Nanoprisms. The Ag nanoplates were
synthesized using a seed-mediated procedure with a few modifica-
tions.?’ First, aqueous sodium citrate (22.5 mL, 2.5 mM), aqueous
poly(sodium styrenesulfonate) (PSSS, 2.5 mg), and aqueous NaBH,
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(1.5 mL, 10 mM , freshly prepared and cooled at 0 °C) were mixed
together successively followed by addition of aqueous AgNO; (22.5
mL, 0.5 mM) at a rate of 2 mL/min while the mixture was being
continuously stirred. Then the yellow solution of Ag seeds was
obtained. Second, 45 mL of ultrapure water was mixed with aqueous L-
ascorbic acid (0.675 mL, 10 mM) and 1.2 mL of the seed solution,
followed by the mixture being dropped into aqueous AgNO; (27 mL,
0.5 mM) at a rate of 1 mL/min. After that, aqueous trisodium citrate
(5 mL, 25 mM) was injected to stabilize the nanoplates. Under
magnetic stirring, the color of the solution changed gradually during
the dropping of the AgNOj solution and was finally stable at blue (the
peak of the LSPR band at 696 nm). The product was directly used for
Ag@oxides core—shell nanoplates without further purification.

Synthesis of Ag@TiO, Core—Shell Nanoplates. Citric acid (32
mg) was dissolved in 10 mL of n-propanol, and then TBT (0.34 g) was
added to the citric acid solution. After the mixture had been stirred for
30 min, the TiO, sol—gel precursor was filtered with a syringe filter
(0.22 pum) for coating Ag nanoplates. The stock Ag nanoplate solution
(10 mL) was mixed with 20 L of 0.7 g/mL aqueous citrate acid, and
then 20 uL of the TiO, sol—gel precursor was injected while the
mixture was being vigorous stirred for 3 h. The thickness of the TiO,
shell can be tuned by changing the reaction time. Finally, the reaction
product was isolated by centrifugation at 10000 rpm for 20 min at 4
°C to remove excessive TiO, sol—gel precursor. The precipitate was
redispersed in ethanol, and the washing steps were repeated three
times to obtain clean Ag@TiO, nanoplates.

Synthesis of Ag@SiO, Core—Shell Nanoplates. The SiO, sol—
gel precursor was obtained by mixing successively ethanol, DI water,
NH;-H,0, and tetraethyl orthosilicate (TEOS) in a volume ratio of
184:15:1:0.3. Then, 100 mL of the SiO, sol—gel precursor was mixed
with 20 mL of a Ag nanoprism solution while the mixture was
vigorously stirred for at least S h. The thickness of the SiO, shell can
be tuned by changing the reaction time. Finally, the reaction product
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Figure 2. Stability of the Ag@SiO, nanoplates in (A) H,0, (2.1% aqueous solution), (B) NaCl (20 mM), or (C) PBS (10 mM, pH 7.4, 0.5% PVP)
for 96 h. (D) Stability of the Ag@TiO, nanoplates in H,0, (2.1% aqueous solution) for 96 h.

was isolated by centrifugation at 10000 rpm for 20 min at 4 °C, and
the precipitate was redispersed in ethanol. The washing steps were
repeated three times to obtain clean Ag@SiO, nanoplates.

Stability Experiments. A Ag nanoplate, Ag@TiO, nanoplate, or
Ag@SiO, nanoplate ethanol solution was mixed with H,0, (2.1%),
NaCl (20 mM), or phosphate-buffered saline (PBS, 10 mM, pH 7.4,
0.5% PVP) for different periods of time, respectively. Aliquots of the
solution were removed at specific times for photographs and UV—vis
extinction spectra.

Characterization. The extinction spectra were recorded with a
UV—vis absorption spectrometer (Shimadzu UV-2600). Transmission
electron microscopy (TEM) images were obtained with a FEI Tecnai
G2 transmission electron microscope operating at 200 kV. Scanning
electron microscopy (SEM) images of the samples were taken with a
field emission scanning electron microscope (JEOL JSM 4800F).
Fourier transform infrared (FT-IR) spectra were recorded using KBr
pellets with a Bruker Vertex 70 spectrometer from 4000 to 470 cm™".
For surface-enhanced Raman scattering (SERS) measurements, a 20
mg/mL Ag@TiO, nanoplate or Ag@SiO, nanoplate ethanol solution
was spin-coated at 1000 rpm for 30 s onto the glass substrate as the
sample groups, and then a 4-aminothiophenol (glycine) (20 uL, 1
mM) solution in ethanol for 30 min was drop-cast to dry at room
temperature, for comparison with the reference substrate of only
coating 4-aminothiophenol (glycine) (10 mM, 20 uL). The size of the
glass substrate was 1.25 cm X 1.25 cm. Raman spectra were obtained
using a Renishaw (Gloucestershire, U.K.) model 2000 spectrometer
equipped with an integral microscope (Olympus BX 41). The 514.5
nm radiation from an air-cooled argon ion laser was used as the
excitation source. The Raman band of a silicon wafer at 520 cm™ was
used to calibrate the spectrometer. SERS spectra were obtained from
more than 10 different spots for S different samples.

B RESULTS AND DISCUSSION

It is known that the plasmonic enhancement of metal
nanostructure strongly depends on the distance between the
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metal surface and adsorbed molecules. Tuning and controlling
the thickness of the shell on the Ag nanoplate surface are
critical issues in this study. Figure S1 of the Supporting
Information shows the SEM image of Ag nanoplates with the
SiO, shell, indicating that the shape of Ag nanoplates is well
maintained after the shell layer has been coated. Figure 1 shows
typical TEM images of Ag@SiO, core—shell nanoplates. The
triangular shapes are well retained as expected by the uniform
deposition of the SiO, shell, for which the shell thickness can
be tuned from 1 to 10 nm by changing the reaction time. The
plasmonic property is also maintained after coating with SiO,,
as shown via UV—vis spectroscopy (Figure 1A). The plasmonic
resonance absorption peak shifts from 641 nm to a long
wavelength (671 nm) because of the refractive index change
from H,O to SiO,. The red shift further increases with an
increase in shell thickness. When the SiO, layer is ~8 nm thick,
the plasmonic resonance absorption peak shifts to 702 nm.
Similar results were also observed in Ag@TiO, core—shell
nanoplates as shown in Figure S2 of the Supporting
Information.”® The red shift of Ag@TiO, is more significant
than that of Ag@SiO, because TiO, has a higher refractive
index than SiO,. Herein, we investigate the effect of Ag
nanoplates with different thicknesses of the SiO, or TiO, shell
on the SERS. They were denoted as Ag@SiO,-1, -2, and -3,
with shell thicknesses of 1.01 + 0.21, 4.69 + 1.05, and 8.21 +
1.39 nm, respectively. We also investigated Ag@TiO,-1, -2, and
-3 core—shell nanoplates, with shell thicknesses of 1.51 + 0.27,
3.59 + 2.12, and 7.79 + 1.58 nm, respectively.

The bare Ag nanoplates are very unstable when they are
exposed to different environments. They could be quickly
eroded by NaCl, H,0,, or PBS (10 mM, pH 7.4, 0.5% PVP), as
evidenced by a significant blue shift in the plasmonic resonance
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Figure 3. (A) SERS spectra and (B) SERS relative intensities of 4-aminothiophenol (4-ATP) over Ag@SiO, with different thicknesses of glass
substrates. (C) SERS spectra of 4-ATP on Ag@TiO, with different thicknesses of glass substrates. (D) Enhancement factor (EF) of 4-ATP for Ag@
oxides, where S-1, -2, and -3 stand for Ag@SiO,-1, -2, and -3, respectively, and T-1, -2, and -3 stand for Ag@TiO,-1, -2, and -3, respectively.

absorption peak position and a decrease in the intensity over a
relatively short period (Figures S3—SS of the Supporting
Information). The color of the Ag nanoplate solution fades or
turns to red in the solution described above, implying that the
shape of Ag nanoplates changed in the solutions described
above. This is the main reason that original Ag nanoplates have
severe limitations in many practical applications in which salts,
buffer, or oxidant is present. Even the Ag nanoplates were
protected with organic thiols, and their stability was also very
limited."®?® After the oxides had been coated, the stability of
Ag@oxides nanoplates dramatically improved. Figure 2 shows
the change in the plasmonic resonance peak of Ag@SiO,, as
monitored by UV—vis spectroscopy over time, in NaCl, H,O,,
or PBS. In all cases, the position and intensity of the plasmonic
resonance absorption peak remained unchanged for 96 h, even
for the Ag nanoplates with an ultrathin shell (~1 nm). To our
surprise, the Ag@oxides are highly stable even in H,O,, a
strong oxidant that can easily erode the pristine Ag nanoplates
within S min (Figure S4 of the Supporting Information). They
remain unchanged in the case of Ag nanoplates coated with
either SiO, or TiO, shell (Figure 2A,D). The Ag@TiO,
nanoplates also exhibit excellent stability in NaCl and PBS
(Figures S6 and S7 of the Supporting Information).

Ag nanoplates coated with oxides are suitable for SERS
application. Herein, we first demonstrate the Ag@oxides can be
used as SERS-based sensors for a typical model molecule 4-
aminothiophenol (4-ATP), because it effectively chemisorbs on
the noble metal surface through the SH group. Figure S8 of the
Supporting Information presents the FTIR spectra of 4-ATP
and 4-ATP on the Ag@oxides. The characteristic peak of the
S—H strength vibration is located at 2550 cm™', which is
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observed in the FTIR spectrum of 4-ATP. However, this
characteristic peak was not observed in the samples of 4-ATP
with Ag@oxides. On the other hand, the characteristic peaks of
the benzene ring and NH, group were present in the samples of
4-ATP with Ag@oxides. These results indicate that the 4-ATP
chemisorbed on the surface of Ag@oxides through the SH
group. Figure 3A shows SERS spectra of ATP adsorbed on the
Ag@SiO, nanoplates measured with a Raman spectrometer
with 514.5 nm excitation and a laser spot of ~0.56 um®* The
SERS spectra reveal the characteristic peaks of 4-ATP at 1440,
1391, 1145, and 1089 cm™". The magnitudes of all these SERS
signals increased dramatically with the presence of Ag@SiO,
nanoplates on the substrate. The magnitude of the Raman
signal is increased ~18-fold for the peak at 1440 cm™ in the
case of the Ag nanoplate with an ultrathin SiO, shell (1.01 +
0.21 nm). The relative intensity of characteristic peaks
significantly decreased with an increase in shell thickness.
The relative intensity of the peak at 1440 cm™" decreased ~8-
fold in the case of Ag nanoplates with an ~8 nm thick SiO,
shell, implying that the SERS signal strongly depends on the
distance between the metal surface and adsorbed molecules.
Similar results were obtained for the Ag nanoplates with the
TiO, shell (Figure 3C). It is widely accepted that the SERS
effect is the result of enhancement of the localized electro-
magnetic field due to surface plasmon resonance. As shown in
Figure 3B, different relative intensities for peaks at 1440, 1391,
1145, and 1089 cm ™! were observed. The relative intensities of
peaks at 1440, 1391, and 1145 cm™" are significantly larger than
that of the peak at 1089 cm™. For 4-ATP, Raman peaks at
1440, 1391, and 1145 cm™! are attributed to the benzene ring
b, mode (Vcc + Scp, Ven + Scc and Scy, respectively, where v

dx.doi.org/10.1021/am501637d | ACS Appl. Mater. Interfaces 2014, 6, 8853—8858
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and O stand for the strength vibration and bending vibration,
respectively).”® The peak at 1089 cm™ is assigned to the a,
mode (vcs). According to Han’s report,” the b, modes of 4-
ATP on the Ag nanoplate (111) surface exhibit relative
intensities stronger than those of the a; mode. That indicates
most 4-ATP molecules adsorb on the Ag nanoplate (111) plane
and the (111) plane tends to be preferentially oriented parallel
to the substrate.

The enhancement factor (EF) is a performance indicator of
SERS. Qualification of the EF in a SERS substrate needs some
assumption because the number of adsorbed molecules is
poorly defined.*® The EF for a SERS system can be described
by the equation EF = (ISERSNSPN) /(IxgrNsgrs), Where Iggrs is
the surface-enhanced Raman intensity, Nggppg is the number of
molecules bound to the Ag@oxides surface, Ingg is the normal
Raman intensity of the reference sample, and N, is the
number of molecules in the excitation light spot. In this study,
we assume that 4-ATP molecules are uniformly adsorbed in a
monolayer on the Ag@oxides nanoplate surface and glass
substrate. The EF can be deduced by the equation EF =
(ISERSNspot)/ (IngeNsers) = (ISERSAspot)/ (IngrAsers), where Aggrs
and Ay, are the areas of Ag@oxides in the SERS experiment
and excitation light spot, respectively. Figure 3D shows the
calculated EF for Ag@oxides depending on the shell thickness
and shell materials. For the substrates with Ag@SiO,
nanoplates with an ~1 nm thick shell, the EF is 1.08 X 10°.
The EF decreases with an increase in shell thickness. The EF is
decreased to 3.98 X 10° when the thickness of the SiO, shell
reaches ~8 nm. When Ag nanoplates are coated with a TiO,
shell, the EF also decreases to 2.24 X 10° probably because
TiO, has a higher dielectric constant.

As we known, the carboxyl group can strongly and easily
bind on the surface of oxides (SiO, and TiO,). Next, we
demonstrate Ag@oxides can be used as a substrate for amino
acids, which contain the carboxyl group. Glycine is chosen as a
model molecule. Ag nanoplates cannot be directly used for
SERS of amino acids because of the instability of Ag nanoplates.
Figure S9 of the Supporting Information shows that the color
and UV—vis spectra of bare Ag nanoplates changed from blue
to cyan within 30 min in the glycine solution, indicating that Ag
nanoplates are unstable in the glycine solution. Figure 4 and
Figure S10 of the Supporting Information show the SERS of
glycine on the bare substrate in the presence of Ag@oxides.
The peaks at ~1570 cm™" were significantly enhanced by the
presence of Ag@oxides on the substrate. The EF values are
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327 X 10° and 2.82 X 10° for Ag@SiO, and Ag@TiO,,
respectively. These results indicate that Ag@oxides not only
could be used for the detection of molecules that contain a SH
group but also could be directly used for amino acid or
biomolecule detection. There is potential application for the
detection of amino acids, protein, and DNA molecules.

B CONCLUSIONS

We report a simple sol—gel route for making Ag@oxides core—
shell nanoplates with tunable uniform shell thicknesses from 1
to 10 nm. The stability of Ag nanoplates is dramatically
improved after they are coated with an ultrathin oxide shell in
different solutions, such as NaCl, H,0,, and PBS. Generally,
the SERS analytes need to contain a SH group or use molecules
that contain a SH group as a buffer layer to anchor the analytes
on the surface of the noble metal nanostructure surface. We
demonstrate that Ag@oxides not only can sense normal
molecules that contain a SH group but also can directly detect
biomolecules that contain a COOH group such as amino acids,
because amino acids tend to self-assemble on the surface of
Ag@oxides via the COOH group. That will extend the SERS
technique to a large group of biomolecules such as amino acids,
DNA, and protein.
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