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Monodispersed, biocompatible, and readily-functionalized hybrid reporter-embedded core-shell nanopartilces (NPs) 
have been prepared in a simple route. This composite offers a potential platform for immunochemical detection using 
surface-enhanced Raman scattering (SERS) due to their high sensitivity, good stability and biocompatiblity. This also 
provides a new platform for insight into SERS enhancement mechanism. 
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Surface-enhanced Raman scattering (SERS) has been 
proved to be a powerful spectroscopic technique due to 
its high sensitivity in detecting and providing fingerprint 
information of various analyte down to single-molecule 
level[1-7]. Thus, preparation of SERS tagging materials 
has gained intense interest in biology for the 
investigation of the complex interplay of biomolecules. 
In recent years, SERS-based nanopartilces (NPs) have 
been synthesized as a new class of labels[8-13]. Compared 
to the commonly used labels, such as quantum dots and 
fluorescence labels, SERS labels have unique 
advantages, such as high sensitivity, good stability, the 
absence of photobleaching and the multiplex detection 
capability due to the fingerprint spectra of labeling 
molecules[14,15]. However, the as-reported SERS labels 
based on individual silver nanoparticle (AgNP) and gold 
nanoparticle (AuNP) produce relatively weak signals due 
to the poor enhancement ability of the individual metal 
NP. Theoretical and experimental results show that two 
mechanisms contribute to the enhancement of Raman 
signals, the electromagnetic (EM) mechanism[16-19] and 
the chemical mechanism[20-22]. The EM enhancement is 
the dominating contributor, especially in the gap region 
between the noble metal nanostructures where an 
extraordinary enhancement can be obtained due to the 
strong coupling of the EM field as so-called hot spot 
phenomenon. However, these hot spot nanostructures, 
mostly dimer or colloidal aggregation of AgNPs or 
AuNPs, are formed by salt-induced assembly with 
particles of various sizes together with different 
interparticle spacing[23,24]. Although great efforts have 
been devoted to investigate the hot spot phenomenon, the 
preparation of nanostructures rich in hot spots could 
hardly be controlled via simple chemical synthesis 

methods. This fact has been a main obstacle for the using 
of hot spot toward more advanced applications. Thus, it 
is a challenging and significant work to develop an easy 
route for fabrication of NP-based SERS labels with 
uniform size and strong Raman signal by residing the 
reporter molecules inside hot spots. 

Based on the idea that controlling the nano gap 
between two noble metal NPs is the key to obtain 
reliable SERS labels with intense signals, we have 
developed a simple method for synthesis of 
reporter-embedded core-shell NP full of hot spots. 
Herein, AgNP was used as optical enhancement 
substrate, p-mercaptobenzoic acid (PMBA) was the 
SERS reporter molecule, carbon (C) shell was for 
protection of PMBA and spacing of inner AgNP and 
outer AuNPs. Outer AuNPs bring in hot spots due to EM 
field coupling with the inner AgNP. In addition, AuNPs 
could be further functionalized to meet the requirements 
of the applications in biological detection (the core-shell 
nanostructures are denoted as Ag@PMBA@C@Au).  

Hydrogen tetrachloroaurate (III) tetrahydrate 
(HAuCl4·4H2O) was purchased from Kermel Chemical 
Reagent Co., Ltd. (Tianjin, China). Trisodium citrate, 
sodium borohydride (NaBH4), silver nitrate (AgNO3), 
and glucose were bought from Beijing Chemical Reagent 
Company (Beijing, China). PMBA was obtained from 
J&K Chemical Company (Beijing, China). All reagents 
were used as received without further purification. All 
glassware was cleaned with freshly prepared aqua regia 
and thoroughly rinsed with deioned (DI) water prior to 
use. 

Raman spectra were collected on a JY HR800 Raman 
spectrometer (France) with a He-Ne laser of 632.8 nm 
for excitation with a power of approximately 2 mW,  
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10× objective and 600 lines/mm gratings. Transmission 
electron microscopy (TEM) and high-resolution TEM 
(HRTEM) images were received from a JEOL 
JEM-2100F transmission electron microscope. UV-vis 
spectra were obtained on a GBC Cintra 10e 
spectrometer. 

AgNPs with diameters of 50—70 nm were synthesized 
by reduction of silver nitrate using trisodium citrate 
according to Lee’s method. Briefly, 18 mg of AgNO3 
was added to 100 mL of DI water and then heated to 
boiling. Next, 2 mL of 1% trisodium citrate solution was 
added dropwise with stirring. The mixture was boiling 
for another 15 min and then cooled down to room 
temperature. Whereafter, the Raman reporter molecule, 
PMBA, was self-assembled on the surface of AgNPs. 
10 μL of PMBA ethanolic solution (1 mM) was added to 
10 mL of AgNPs suspension, and then the mixture was 
shaken for 10 min and then stored in dark for reaction. 
10 h later, the mixture was centrifuged, and then the 
precipitation was washed with DI water several times to 
remove the free PMBA. Finally, the resulting 
PMBA-modified AgNPs were redispersed in DI water.  

In a typical experiment, 1 mL of as-prepared AgNPs 
suspension was added to 20 mL of glucose solution 
(0.5 M). After several minutes of stirring, the mixture 
turn clear and then was put into a 25 mL Teflon-sealed 
autoclave and maintained at 160 ℃ for 4 h. The resulting 
products were rinsed with DI water by centrifugation and 
then redispersed in DI water.  

Different volumes (25 μL, 75 μL, 200 μL) of HAuCl4 
solutions (10 mM) were added to 5 mL of the above 
prepared colloid suspension with stirring, respectively. 
Next, different volumes (25 μL, 75 μL, 200 μL) of the 
mixed solutions of sodium citrate (20 mM) and NaBH4 
(50 mM) were added, respectively. Then the mixture was 
heated to boiling with stirring. In 15 min, the resultant 
was allowed to cool down to room temperature. The 
resulting products were stored in the refrigerator for 
further measurement. 

Fig.1 depicts the preparation process of the hybrid NPs 
SERS labels. First, AgNPs with diameters of 50—70 nm 
were obtained by reducing AgNO3 using sodium citrate. 
Then, the Raman reporter molecules, PMBA, were 
adsorbed on the surface of AgNP by Ag-S bonding. 
Next, labeled-AgNPs were encapsulated with a C shell 
through catalyzed dehydration of glucose under 
hydrothermal condition[25-27]. Finally, a submonolayer of 
AuNPs were adsorbed on the C layer surface by reducing 
HAuCl4 using sodium citrate and NaBH4. The color of 
the sample changed distinctly after the growth of AuNPs, 
which was proved by the UV-vis adsorption spectra. 

The as-prepared hybrid NPs in different geometrical 
morphologies were characterized by UV-vis adsorption 
spectroscopy and TEM. Fig.2 shows the representative 
TEM micrographs of Ag@PMBA@C and 
Ag@PMBA@C@Au NPs with different Au-Ag molar 

ratios. From Fig.2(a) we know that the thickness of C 
shell is about 3—4 nm, which is an ideal distance for hot 
spots originating from EM coupling[18,19,28]. The 
representative TEM images clearly demonstrate the 
evolvement of morphologies of Ag@PMBA@C@Au 
NPs with the increase of Au to Ag molar ratios 
(Fig.2(b)—(d)). From TEM images, the core AgNPs in 
hybrid NPs (Fig.2) have similar diameters, which are 
about 70 nm. The Ag@PMBA@C NPs were modified 
by AuNPs and the density of AuNPs increased with the 
increase of the amount of HAuCl4. In addition, the 
diameter of these AuNPs could be determined in range 
from 5 nm to 10 nm. To demonstrate elemental 
composition of the composite, we analyzed the 
Ag@PMBA@C@Au NPs with Au to Ag molar ratio at 
0.40: 1.0 in TEM by the energy dispersive X-ray 
spectroscopy (EDX) in the TEM. From the spectrum, we 
known that Au and Ag were contained in the composite. 
And the molar ratio of Au to Ag is as high as 0.536: 
0.464. Compared to the amount used in synthesis, the 
ratio of Au in EDX turned more. This fact may be 
regarded as the result of the adsorbed AuNPs distributing 
on the outer surface of the composite.  

 

 

Fig.1 Schematic illustration of the preparation of 
Ag@PMBA@C@Au NPs by multiple steps  

 

 

Fig.2 TEM images of core-shell NPs with different Au 
to Ag molar ratios: (a) 0: 1.0 (Ag@PMBA@C NPs); (b) 
0.05: 1.0; (c) 0.15: 1.0; (d) 0.40: 1.0 

 
To get more information about the hybrid NPs in 
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solution, the as-prepared samples were characterized by 
UV-vis spectroscopy because absorption spectroscopy is 
a simple experimental tool for investigating surface 
plasmon resonance (SPR) properties of coinage metal 
NPs[29]. Fig.3 shows the absorption spectra of AgNPs and 
Ag@PMBA@C@Au hybrid NPs with different Au to 
Ag molar ratios. The samples of AgNPs and 
Ag@PMBA@C NPs exhibit one relative narrow 
absorption band. For pure AgNPs, the peak is at 417 nm, 
corresponding to silver SPR (Fig.3(a)). For 
Ag@PMBA@C NPs, the peak is red-shifted from 
417 nm to 428 nm due to the variation of medium 
dielectric constant induced by C shell (Fig.3(b))[30]. 
When the AuNPs adsorbed on the Ag@PMBA@C NPs, 
the absorption band was broadened and further 
red-shifted to higher wavelengths. In this case, the band 
consists of three parts: the shorter part corresponding to 
silver SPR, the longer part corresponding to gold SPR, 
and the rest coming from the SPR coupling of AgNP and 
AuNP[31]. Moreover, the larger the molar ratio (Au to 
Ag) is, the more AuNPs are contained in composite. 
Thus, the SPR band of Ag decreases and the SPR band 
of Au increases with the increase of the amount of 
HAuCl4. When core AgNP is completely covered by 
AuNPs, the SPR band of AgNP turns to be quite weak 
and SPR band of AuNP turns to be dominating 
(Fig.3(e)). These changes in optical properties can be 
understood as the results of amount variation of the 
adsorbed AuNPs. It should be pointed out that the 
treatment of the centrifugation and resuspension is 
necessary to purify the hybrid NPs. 

 

 

Fig.3 UV-vis absorption spectra of (a) AgNPs and (b-c) 
Ag@PMBA@C@Au NPs with different Au to Ag molar 
ratios; The Au to Ag molar ratios are (b) 0: 1.0 (pure 
Ag@PMBA@C NPs), (c) 0.05: 1.0, (d) 0.15: 1.0, and (e) 
0.40: 1.0, respectively 

The SERS signals obtained from individual NP are 
rather weak but SERS signals can be strongly enhanced 
in the gaps of coinage metal nanostructures due to the 
coupling of EM field[32,33]. The reporter molecules 
resided in the gap zone between inner AgNP and outer 
AuNPs in our prepared core-shell NPs. Therefore, huge 
Raman signals of the reporter molecules can be obtained 
and the as-prepared hybrid NPs can be potentially served 

as SERS labels. In addition, SERS signals can be 
optimized by adjusting the structure of the hybrid NPs. 
In the present work, the SERS-active tagging molecules 
were added and adsorbed on the surface of Ag core at the 
beginning of preparation of the SERS tagging hybrid 
NPs. Then the PMBA-modified AgNPs were coated by 
C shell and AuNPs to form a  Ag@PMBA@C@Au 
bimetallic sandwich structure. This sandwich structure 
was able to enhance the SERS signals of the tagging 
molecules remarkably due to the EM coupling between 
the AgNP and AuNP[34]. Fig.4 shows the SERS spectra 
of Ag@PMBA@C@Au NPs with different Au to Ag 
molar ratios. As analyzed above, SERS spectra of the 
different hybrids display noticeably different intensities. 
SERS spectra of Ag@PMBA@C@Au NPs are enhanced 
markedly compared to Ag@PMBA@C. Moreover, with 
the amount of AuNPs increasing, the intensities of SERS 
signals of PMBA increase quickly. When the molar ratio 
of Au to Ag reaches 0.15: 1.0, the SERS signals turn to 
be the strongest. According to TEM image (Fig.2(c)), the 
AuNPs have formed a quasi-continuous shell in this case. 
However, if the amount of Au continues to grow, the 
intensities of SERS signals will decrease (Fig.4(d)) 
because over-dense AuNPs block the propagation of 
light (Fig.2(d)). According to previous literature, two 
prominent SERS bands of PMBA at 1 586 cm-1 and 
1 076 cm-1 were assigned to the ν8a and ν12 aromatic ring 
vibrations, respectively, and those weak modes at 
1 373 cm-1 and 841 cm-1 were attributed to the ν(COO-) 
and δ(COO-) vibrations, respectively[35]. The results 
indicate that hybrid NPs can be utilized as an effective 
SERS tags with the proper amount of AuNPs due to the 
excellent SERS-activity. 

 

 

Fig.4 SERS spectra of Ag@PMBA@C@Au NPs with 
different Au to Ag molar ratios 
 

To clarify the EM enhancement mechanism of 
Ag@PMBA@C@Au hybrid NPs, three-dimensional 
finite-difference time domain (FDTD) simulation was 
performed to investigate the distribution of EM field near 
the core-shell NPs, which has been widely used to 
describe EM field of the coinage metal nanostructures. 
As shown in Fig.5(a), we constructed the model 
according to the as-prepared samples, which included a
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AgNP core with a diameter of 70 nm, a vacuum shell out 
of AgNP with a thickness of 3 nm, and some AuNPs 
coated on the shell with a diameter of 5 nm. The 
excitation source was plane wave with a wavelength at 
633 nm. Fig.5(b) shows the distribution of the electric 
field intensity surrounding the hybrid NPs and between 
the inner AgNP and outer AuNPs, which gives a 
maximum E-field intensity enhancement |E/E0|2 over 
100. The calculated result indicated that “hot zone” was 
generated at the gap between the inner AgNP and outer 
AuNPs due to the coupling of the localized surface 
plasmon resonance (LSPR) and they were the main 
contributor of the huge enhancement effect of the 
composite. On all accounts, based on the theoretical 
analysis, the SERS signals of the as-prepared labels can 
be significantly enhanced because the hybrid composite 
consists of sandwich-structured NPs with a certain 
nanogap. 

 

Fig.5 (a) The calculation model and (b) distribution of 
the simulated electric field intensity of xy-plane in 
which the light is polarized (The k- and E-vectors in-
dicate the incident direction of laser light and the 
polarization direction, respectively; The scale bar is 
100.) 

In conclusion, monodispersed and biocompatible 
Ag@PMBA@C@Au NP-based SERS labels have 
been synthesized in a simple method. The hybrid NP is 
core-multiple shells nanostructure: a AgNP core for 
SERS enhancement, reporter molecules for SERS 
signatures, a C shell for protection and isolation, a 
submonolayer of AuNPs immobilized on top of C 
layer for further optical enhancement. The 
morphology of the Ag@PMBA@C@Au NPs could be 
tuned by adjusting the molar ratio of Au to Ag, which 
further induces the changes of their optical property. 
The result of SERS measurement shows that the 
sandwich structure leads to a great enhancement of the 
Raman signals of labeling molecules. The as-prepared 
reporter-embedded hybrid core-shell NP can provide 
SERS signals of high reproducibility and stability, 
which is expected to have practical application as an 
effective SERS label in bioanalytical application. 
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