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ABSTRACT: It is critical to create isotropic hot spots in
developing a reproducible, homogeneous, and ultrasensitive
SERS probe. Here, an Ag shell−Au satellite (Ag−Au SS)
nanostructure composed of an Ag shell and surrounding Au
nanoparticles was developed as a near-IR active SERS probe.
The heterometallic shell-satellite structure based SERS probe
produced intense and uniform SERS signals (SERS enhance-
ment factor ∼1.4 × 106 with 11% relative standard deviation)
with high detectability (100% under current measurement
condition) by 785 nm photoexcitation. This signal enhance-
ment was independent of the laser polarizations, which reflects the isotropic feature of the SERS activity of Ag−Au SS from the
three-dimensional (3D) distribution of SERS hot spots between the shell and the surrounding satellite particles. The Ag−Au SS
nanostructure shows a great potential as a reproducible and quantifiable NIR SERS probe for in vivo targets.
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Since in vitro and in vivo applicability of surface-enhanced
Raman scattering (SERS) had been reported,1−4 SERS

probes have drawn much attention in multiplexed biodetection
owing to their unique optical characteristics such as narrow
bandwidth, high sensitivity, and no photobleaching.5−9 To
develop sensitive SERS probes, researchers have reported
several approaches focusing on the synthesis of advanced
nanostructures10−18 or efficient Raman label compounds that
are resonant with excitation light.19−21 Especially, dimeric
nanostructures22−25 and small clusters26,27 were reported as
SERS probes. These nanostructures could generate hot spots
from nanogap junctions between nanoparticles (NPs) where
the electromagnetic field is significantly concentrated, allowing
for an ultrasensitive SERS signal.14,28,29 However, the
anisotropic structure with uncontrollable nanogap junctions
leads to signal fluctuation and dependency on incident light
polarization. Therefore, for developing reproducible and
homogeneous SERS probes, creating and controlling hot
spots in isotropic structures is a critical issue.15,16

Recently, a highly uniform and reproducible SERS probe in
the visible range was reported by Lim et al.13 It is worth noting
that signal fluctuations among SERS probes were minimal
because the 1 nm gap in the interior of the SERS probe was
precisely controlled by utilizing single-stranded DNA. In
addition, three-dimensional (3D) core−satellite type assembled
SERS nanoprobes with a uniform signal have been
reported.10−12,16,18,30,31 However, these nanosphere-based
nanogap structures and 3D NP-assemblies are still limited for

use in vivo applications because of their plasmonic resonance in
the visible optical range where animal tissue has large
absorption and autofluorescence. Therefore, the SERS probes
which are sensitive in the near-Infrared (NIR) region, the so-
called biological window, for effective in vivo detection and
imaging of biological targets need to be developed.17,32−34

Herein, we demonstrate an NIR-sensitive heteronanostruc-
ture as a SERS probe which has a strong and highly uniform
SERS activity. This NIR SERS probe consists of an Ag shell and
Au NP satellites (Ag−Au SS). The plasmonic resonance is red-
shifted to the NIR region with additional enhancements,
enabling the detection even at a single probe level. The Ag−Au
SS probe is 100% detectable under 785 nm photoexcitation
because of multiple SERS hot spots, which were designed to
generate reproducible and isotropic SERS activity.
Fabrication details of Ag−Au SS probes are illustrated in

Figure 1. We utilized a solid support and selective desorption
method16 to prevent NPs’ aggregations during synthesis and for
easy separation of assembled nanoparticles and nonassembled
nanoparticles. First, amine-functionalized silicon wafer was
immersed into the Ag shell colloidal solution for 3 h (Figure
1a). The Ag shell (251 ± 16 nm in diameter, ca. 50 nm of shell
thickness) was synthesized by using a one-step method.35 It has
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dielectric silica core and broad range surface plasmonic bands.
The Ag shell facilitates the development of the NIR-active
probes owing to the intrinsic SERS activity of the Ag shell in
the NIR region. After the attachment of Ag shells on the silicon
wafer, a Raman label compound (4 mM in ethanol) and
cysteamine (2 mM in ethanol) as a linker molecule were
coadsorbed on the surface of the Ag shell by dipping the silicon
wafer in Raman label compound and cysteamine mixed solution
for 1 h (Figure 1b). Cysteamine is a well-known cross-linker
molecule that can provide structural stability of nanoassemblies
by forming a monolayer on the metal surface via chemisorption
with the thiol group, and attaching another substances with the
amine group.36 Next, the citrate-capped Au NPs (ca. 20 nm)
were immobilized on the surface of the amine functionalized Ag
shell and silicon wafer (Figure 1c). Finally, the Ag−Au SS
probe adsorbed silicon wafer was sonicated in ethanol for 1
min, leading to the selective detachment of Ag−Au SS probes
from the silicon wafer into the ethanol because of the different
desorption efficiency depending on the particle size (Figure 1d,
and Figure S1 in the Supporting Information).16

The samples during the fabrication process were charac-
terized by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and energy-dispersive X-ray
spectroscopy (EDX) measurements (Figure 2). Before detach-
ment of the Ag−Au SS probes from the silicon wafer, the
formation of Ag shell−Au satellite structures was confirmed by
SEM (Figure 2a) and EDX analysis (Figure 2b−e). From the
SEM image, it was confirmed that Au NPs were successfully
immobilized on the surface of Ag shells as well as on that of the
silicon wafer. The number of Au satellite NPs per Ag shell was
estimated to be 21 ± 4 on average by counting the Au satellite
NPs on the observable side from 60 Ag−Au SS probe particles.
In addition, the elemental mapping images clearly show that
both the Ag atoms and the Au atoms are well-distributed
throughout the core part, indicating that the Ag−Au
heterometallic structure was successfully assembled.
Next, the morphology and optical properties of the detached

Ag−Au SS probes were confirmed. The Au NPs existing on the

surface of the Ag shell were clearly observed as shown in Figure
2f (red arrows indicate satellite Au NPs), compared with the
TEM image of the Ag shell (see Figure S2 in the Supporting
Information). This result proves that the Ag−Au SS structure is
maintained during the detachment process. Furthermore, the
UV−vis−NIR extinction spectra of Ag−Au SS probes (λmax =
698 nm) demonstrate that their surface plasmon band was red-
shifted from that of the individual Ag shell (λmax = 620 nm) and
Au NPs (λmax = 520 nm) (Figure 2h). This red-shifted plasmon
resonance band is attributed to the strong plasmon coupling
between the Ag shell and Au NPs (less than 1 nm gap, Figure
2g),37 affording Ag−Au SS probes a plasmon coupling band in
the NIR region.
To evaluate the Ag−Au SS probe as the NIR sensitive SERS

probe, the SERS spectra of single probes were obtained with
three different excitation lines (532, 647, and 785 nm). Raman
measurements were performed by point-by-point mapping with
a 1 μm step size under the appropriate condition depending on
the excitation wavelengths. Subsequently, SEM images were
compared with the corresponding Raman maps to ensure the
existence of single particles. Figure 3a shows typical SERS
spectrum of an Ag−Au SS probe coded with 4-fluorobenzene-
thiol obtained by 785 nm photoexcitation (28 μW) and 10 s
acquisition. SERS intensity map of the 1075 cm−1 band from
Ag−Au SS probes dispersed on silicon wafer is drawn overlaid
with its corresponding SEM image (Figure 3b). SERS
enhancement factors (EFs) and percentages of detectable
single particles for three different excitation lines were
estimated for the Ag−Au SS probe and for the Ag shell as
comparison (Figure 3c and Table S1 in the Supporting
Information). Interestingly, two notable features were found
from this result. First, the SERS EF values of Ag−Au SS probe
exhibit 4.1-fold (532 nm), 3.1-fold (647 nm), and 2.5-fold (785
nm) increases compared with those of Ag shells. Although the
bumpy surface of the Ag shell induces an electromagnetic field
enhancement, the interparticle gaps in the shell-satellite
structure can provide further enhancement, producing a highly
concentrated electromagnetic field.28 Especially, the Ag−Au SS

Figure 1. Schematic illustration for the fabrication of Ag shell−Au satellite (Ag−Au SS) probes on solid substrate. (a) Ag shells are immobilized on
the amine-functionalized silicon wafer through electrostatic interactions. (b) Cysteamine (a linker molecule) and Raman label compound are
adsorbed on the surface of Ag shells. (c) Au NPs as satellites were introduced electrostatically onto Ag shells on a silicon wafer. (d) Ag−Au SS
probes were selectively detached from the silicon wafer by moderate sonication.
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probe exhibited the highest EF value (1.4 × 106 on average) for
NIR excitation (785 nm) among the three laser lines. Second,
the detectability of Ag−Au SS probes was increased remarkably
compared with that of the Ag shell, reaching up to 100% in the
case of NIR excitation (785 nm). In addition, the distributions
of EF values from the Ag−Au SS probes were highly uniform,
which is attributed to the multiple hot spots produced by the
shell−satellite structure. This feature refers to “reproducibility”
of SERS intensity over probe particles, of which concept follows
the previously reported article showing the degree of the
particle-to-particle signal distribution.13

Another aspect is “reproducibility” of SERS intensity
irrespective of incident laser polarization. To confirm whether
or not the signal uniformity of Ag−Au SS probe is isotropic
over incident laser polarization, SERS spectra of an Ag−Au SS
probe were obtained using a 785 nm laser, of which the
polarization was rotated in three directions. As shown in Figure
4, the 4-FBT signals of the Ag−Au SS probe were consistent
when the laser polarization was rotated by 45° and 90° away
from the onset axis. On the contrary, because of the
polarization properties, the SERS signals from the dimers
have vanished when the excitation laser is polarized orthogonal
to the longitudinal axis.25,38 In addition, for proving the other
reproducibility, the photostability of Ag−Au SS probes was

tested over irradiation time. We obtained the SERS spectra
from thesingle Ag−Au SS particle while irradiating laser lights
for approximately 100 s. Each spectrum was obtained with 5-s
acquisition (see Figure S5a in the Supporting Information).
The signal intensities exhibited little decrease indicating that
Au−Ag SS probe is stable under laser exposure (see Figure S5b
in the Supporting Information). These results reveal that the
Ag−Au SS probes are a robust platform for highly reproducible

Figure 2. Structural and optical characteristics of Ag−Au SS probes.
(a) SEM image of the Ag−Au SS probes fabricated on a silicon wafer.
(b) Highly magnified SEM image of one Ag−Au SS probe and its EDX
maps showing the elemental distributions of (c) Ag from Lα, (d) Au
from Mα, and (e) merged image of Ag and Au. (f) TEM image of the
Ag−Au SS probe. (g) HR-TEM image of Ag shell-to-Au satellite
interparticle gap. The two arrows indicate the subnanometer gap. (h)
UV−visible−NIR extinction spectra of Au NPs (black dashed line, λmax
= 520 nm), Ag shells (black solid line, λmax = 620 nm), and Ag−Au SS
probes (blue solid line, λmax = 698 nm).

Figure 3. Analysis of SERS enhancement of Ag−Au SS probes by
single probe particle characterization. (a) Representative SERS
spectrum of an Ag−Au SS probe coded with 4-fluorobenzenethiol
obtained by 785 nm photoexcitation (28 μW) and 10 s acquisition. (b)
SERS intensity map of the 1075 cm−1 band from Ag−Au SS probes
dispersed on silicon wafer. The SERS intensity map was overlaid with
its corresponding SEM image. Enhancement factor of each Ag−Au SS
probe on the silicon substrate at 785 nm photoexcitation is (i) 1.6 ×
106, (ii) 1.5 × 106, (iii) 1.4 × 106, (iv) 1.1 × 106, (v) 1.1 × 106, (vi) 1.0
× 106, (vii) 1.2 × 106, and (viii) 1.5 × 106. (c) Enhancement factors of
Ag shells (black solid squares) and Ag−Au SS probes (blue solid
circles) at three different excitation wavelengths (532, 647, and 785
nm). All empty dots indicate undetectable particles. The Ag−Au SS
probes exhibit higher enhancement factor values than the Ag shell NPs
in each excitation line. The Ag−Au SS probes exhibit the highest
detectability under the NIR excitation laser (100% detectable with 785
nm photoexcitation).

Figure 4. SERS spectra obtained from Ag−Au SS probe with different
orientations relative to the polarization of the excitation laser. The 4-
FBT signals from the Ag−Au SS probe are consistent when the laser
polarizations are rotated by (B) 45° and (C) 90° away from (A) the
onset axis. All spectra were taken using a 785 nm photoexcitation (180
μW at the sample) and 10 s acquisition time.
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SERS analysis because of the multiple hot spots and the red-
shifted plasmonic resonance.
To expand the utility of Ag−Au SS probe, we prepared two

types of Ag−Au SS probes by using different Raman label
compounds such as 4-chlorobenzenethiol (4-CBT), and 4-
bromobenzenethiol (4-BBT). Each type of Ag−Au SS probe
has distinctive spectral fingerprint and exhibits strong single-
particle SERS activities, suggesting that these Ag−Au SS probes
can be used in multiplexed analysis (see Figure S4 in the
Supporting Information).
Finally, to demonstrate the potential applicability of Ag−Au

SS as NIR SERS probe, a proof-of-concept experiment was
performed in a mouse model. As shown in Figure 5a, a 10 μL

aliquot of Ag−Au SS probe labeled with 4-FBT was
subcutaneously injected at gluteal region of a nude mouse,
and the SERS spectra were obtained using a Raman system
with a 785 nm photoexcitation. The injected region exhibited
the SERS signal which is well matched with the spectrum of 4-
FBT-labeled Ag−Au SS probe, and no distinctive Raman signal
could be observed from normal skin region (Figure 5b). The
intensity map of the 1075 cm−1 band exhibits that strong
Raman signals of Ag−Au SS probes were easily detected in the
probe injected region (Figure 5c). These results strongly
suggest that the Ag−Au SS probes can be used for a sensitive
detection of target biomolecules in vivo.
In summary, we developed a heterometallic SERS probe

based on a Ag shell and Au NPs, affording highly uniform and
strong SERS activity. The Ag−Au SS structures exhibited a red-
shift of plasmonic resonance band to the NIR region with
highly enhanced SERS signals (SERS enhancement factor: ∼1.4
× 106 with 11% relative standard deviation) and high
detectability (100% under our measurement condition) by
the 785 nm photoexcitation. These outstanding SERS activities

were independent of the laser polarizations and largely
attributed to the 3D distribution of SERS hot spots between
the Ag shell and the satellite particles on it. Finally, we
demonstrated Ag−Au SS as NIR SERS probes through proof-
of-concept of in vivo imaging application. The novel properties
of SERS probes in the NIR optical window have potential
valuables for applications in in vivo bio analysis.
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