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Abstract: Quantitative analysis is a great challenge in surface-
enhanced Raman scattering (SERS). Core-molecule-shell
nanoparticles with two components in the molecular layer,
a framework molecule to form the shell, and a probe molecule
as a Raman internal standard, were rationally designed for
quantitative SERS analysis. The signal of the embedded
Raman probe provides effective feedback to correct the
fluctuation of samples and measuring conditions. Meanwhile,
target molecules with different affinities can be adsorbed onto
the shell. The quantitative analysis of target molecules over
a large concentration range has been demonstrated with
a linear response of the relative SERS intensity versus the
surface coverage, which has not been achieved by conventional
SERS methods.

Surface-enhanced Raman spectroscopy (SERS) can provide
fingerprint information of target molecules and has been
considered to be an ultrasensitive label-free detection method
for a variety of applications.[1] However, it is still a great
challenge to use SERS as a quantitative technique because
SERS is inherently a near-field phenomenon and only those
molecules located (usually < 2 nm) within the highly
enhanced electromagnetic field (so called hot spot) make
a significant contribution to the overall SERS signal. Fur-
thermore, the field enhancement in the hot spots is sensitive
to the detailed local structure as well as the coupling between
nanostructures, and can vary by several orders of magni-

tude.[2] Therefore, even if the molecules can be uniformly
distributed on the metal surfaces, the SERS signals may still
be non-uniform. The merits of the high molecular sensitivity
and the difficulties to realize quantitative analysis both
contribute to the vibrant quantitative SERS analysis.[1f]

Quantitative SERS analysis can be divided into two
categories: solid substrate based analysis and nanoparticle
sol-based analysis.[3] In both categories, the key issue is to
fabricate SERS-active materials and control the uniformity of
the hot spots. Sensitivity and reproducibility are two irrecon-
cilable parameters in the solid substrate based analysis and
there is still no ideal substrate that can at the same time
achieve both properties.[3,4] The use of an internal standard
(IS) has been proposed to overcome the above-mentioned
problems.[3, 5] However, the requirement of locating the IS and
target molecules in the same physical and chemical environ-
ment is a nontrivial issue since the SERS measurements are
conducted with a multiphase system and SERS intensity
depends on the highly localized near-field enhancement.
Even in an ideal case that the IS and target molecules can be
uniformly dispersed on the SERS-active surface in an
indiscriminate microenvironment, there are still some prob-
lems: 1) the IS molecules will compete for the surface
adsorption site and replacement may occur, and 2) the IS
signal may be influenced by the microenvironment, thereby
leading to a change in the intensity and frequency.[1f, 3,6] The
use of structural analogues of target molecules as internal
standards may partially overcome the problems. However, it
still cannot solve the problem of dynamic exchange and
competitive adsorption when their concentrations are signifi-
cantly different. It is highly desirable to develop a novel type
of IS whose SERS signals will not be influenced by the
external environment for a broad range of SERS analyses.

Recently, there has been increasing interest in synthesiz-
ing SERS-active core-molecule-shell nanoparticles (CMS
NPs), in which a molecular layer is sandwiched between the
core and shell of noble metals.[7] CMS NPs have exhibited
stable and strong SERS signals and have been used as SERS
tags for indirect analyses and imaging. In fact, CMS NPs
might be an ideal IS material for quantitative SERS analysis,
since: 1) the molecular layer is sandwiched between the core
and shell, and will not be influenced by the outer environ-
ment; 2) the shell surface is totally free and can be accessed by
target molecules without worrying about dynamic replace-
ment; 3) the nanoparticle is simultaneously used as an
internal standard and enhancing substrate, without affecting
the spatial distribution of target molecules; and 4) it is a label-
free technique and the signal is from the target molecules
adsorbed on the open shell surface. To date, there has been no
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report of this type of approach for direct quantitative SERS
analysis.

A common practice for coating a complete metal shell
over a molecule-coated nanoparticle core is to use a molecule
with bifunctional groups to simultaneously bind to the core
metal surface and capture the metal ions for shell formation.[7]

Bifunctional molecules, such as DNA, 4-mercaptobenzoic
acid (MBA), and 1,4-benzenedithiol, have been used as the
linkers to prepare CMS NPs that act as SERS tags.[7] These
molecules serve as both the linker and the Raman tag that
should produce a strong SERS signal. Such a requirement
limits, to some extent, the range of molecules that can be used.
Herein, we modified the existing method by replacing the
previous single component molecular layer with two compo-
nents: one with a strong Raman signal to act as the SERS IS,
and another molecule as a framework to form the shell. Such
a modification would significantly expand the range of SERS
internal standards. We convincingly demonstrate that the
CMS NPs are highly suitable for the quantitative SERS
analysis of different types of samples with a much improved
dynamic range, reproducibility, and reliability. This method is
versatile and sensitive and provides an immediate solution to
the bottle-neck problem in the label-free detections with
ultrahigh sensitivity.

The synthesis of the CMS NPs with two types of
embedded molecules is shown in Figure 1a (the synthetic
details are given in the Supporting Information; see sec-
tion S1.2). We chose gold nanospheres as the core to obtain
a highly uniform core, silver as the shell to achieve the highest
possible enhancement, cysteamine (CA) as the framework,
and 4-mercaptopyridine (Mpy) as the Raman probe. Both CA
and Mpy can bind to the gold cores through Au¢S bonds and
the silver atoms can be easily deposited on the CA layer as
a result of the strong affinity of the amino group. The
transmission electron microscopy (TEM) images (Figure 1b)
of the CMS NPs indicate that the CMS NPs are structurally
uniform and a light silver shell surrounding the dark gold core
can be clearly identified. The average diameter of the CMS
NPs is about 60.2� 3.0 nm (see Figure S1 and Table S1),
which is larger than that of gold nanospheres (50.2� 1.8 nm).
The narrow size distribution of the CMS NPs and their high
dispersibility were further confirmed by high-sensitivity flow
cytometry measurements (Figure S2 and Table S2).[8] The best
way to demonstrate the core–shell structure was to perform
scanning TEM (STEM) measurements to obtain the spatial
distribution of the Au core, the Ag shell, and the embedded
molecular layer (Figure 1c). The STEM images of Au and S
are very similar, thus indicating that the S takes the shape of
the Au nanosphere. The superimposed STEM image of Ag
and S (Figure 1d) clearly shows that the molecular layer
retains its integrity and the molecules do not spill out to the
surface of the silver shell. All these observations indicate that
we had successfully obtained the designed CMS nanostruc-
tures.

The optical properties of the CMS NPs, revealed by UV/
Vis spectroscopy and SERS tests, indicate that these nano-
particles are ideal substrates and internal standards for SERS
study. The CMS NPs have a strong localized surface plasmon
resonance at approximately 520 nm and a broad shoulder

around 400 nm (Figure 1e and Figure S3). The SERS spectra
of the CMS NPs (M = CA + Mpy) excited using three lasers
(Figure 1 f) all have a Mpy Raman band at 1575 cm¢1, which
implies that the Mpy molecules are linked between the core
and the outer shells in a double-linkage mode.[9] The SERS
signals come from individual CMS NPs in the colloidal
solution (see sections S2.4–S2.7). The SERS signals observed
under laser excitation at 638 or 785 nm are much stronger
than that at 532 nm. We attempted to use the finite difference
time domain (FDTD) method to simulate the near-field
electromagnetic field of the CMS NPs. However, the simu-
lation results cannot so far explain the experimental ones.
This discrepancy may be due to the complicated coupling of
the molecule with the strong electromagnetic field in the
closed small cavity, which is worthy of further theoretical
studies. Nonetheless, sufficient SERS signals can be obtained
from the CMS NPs with excitation at either 638 or 785 nm,
which allows their convenient utilization as internal standards
for quantitative SERS analyses.

The applicability of the CMS NPs for quantitative SERS
analysis was demonstrated by using 1,4-phenylene diisocya-
nide (PDI) as a target, since PDI has a unique isocyanide
band at about 2200 cm¢1, has no fluorescent background, and
can effectively induce aggregation of the NPs for a strong
SERS response. As a consequence of the dynamic nature of

Figure 1. Synthesis and characterization of the molecular monolayer
embedded between the Au core and Ag shell. a) Synthetic scheme for
the Au@CA+ Mpy@Ag NPs (CMS NPs). b) TEM images of the CMS
NPs. c) STEM images of the CMS NPs using the Au-M, S-K, and Ag-L
signals. d) The superimposed image of the STEM images of Ag-L and
S-K. e) UV/Vis spectra of the Au NPs and CMS NPs. f) SERS spectra
of the CMS NP colloids at different wavelengths. All the scale bars are
20 nm. Each spectrum was the mean of five spectra and the collection
time was 10 s.
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the NP aggregation process, we acquired time-dependent
SERS signals after addition of PDI (5 × 10¢7m) to determine
the experimental parameters required to obtain a stable
SERS signal. After addition of PDI, we observed an abrupt
increase in the Mpy signal and a slow increase in the PDI
signal with extended incubation time (Figure 2a and see

Figure S7 for the full range). PDI molecules can induce rapid
aggregation of the CMS NPs, which leads to an abrupt
increase in the Mpy signal, and the remaining PDI in solution
may slowly diffuse into the hot spots. Both SERS signals still
fluctuate even after 10 min (Figure 2b and Figure S8 a). The
dynamic light scattering (DLS) results show that aggregates
were formed in the solution with a size of 350 to 800 nm
(Figure S9 a), and the inhomogeneous aggregates precipitated
(Figure S9 b). All these, together with the dynamic nature of
the CMS NP aggregates, will contribute to the fluctuation of
the SERS intensities.

Very interestingly, the PDI signal fluctuates synchro-
nously with that of Mpy, as shown in the first derivative

analysis of the SERS intensities (Figure 2c). It is clear that
such an accompanying fluctuation may have the same origin,
possibly from the inhomogeneous aggregates in the colloid.
Therefore, normalizing the PDI signal (2184 cm¢1) to that of
Mpy (using the band at 1095 cm¢1) may correct the fluctua-
tions in both the aggregation state of the nanoparticles and
the instrumental factors. Indeed, we found that the relative
SERS intensity of PDI to Mpy becomes more stable after
10 min (Figure 2d and Figure S8b) compared with the abso-
lute SERS intensity of PDI. Furthermore, a better data
reproducibility of less than 8% relative standard deviation
was achieved between batches after correction using the
internal standards. Hence, an incubation of 10 min was used
for the rest of the quantitative SERS analyses.

We used PDI (target) solutions with different concen-
trations to demonstrate the applicability of the CMS NPs for
quantitative SERS analysis. The SERS intensity of PDI
fluctuates at different PDI concentrations (Figure 2e, solid
circle). These raw data give a poor linear response, which is
reasonable considering the inhomogeneous aggregation of
NPs and the possible precipitation of large aggregates, as
reflected by the SERS intensity of Mpy (IS; Figure 2e top
panel, open triangle). The linearity of the working curve can
be improved by normalizing the data to the SERS intensities
of Mpy (Figure 2e, open square). Clearly, the SERS signals of
Mpy give an effective feedback and the Mpy plays the role of
an ideal IS for quantitative SERS analysis. One can further
improve the batch-to-batch slope reproducibility by control-
ling the amount of remaining citrate ions in the solution (see
section S3.3). The accuracy of the working curve was then
checked by using a 5 nm PDI solution. The testing point is
located on the working curve with an error of 1.2%, which is
far better than the accuracy required for trace analysis
(Figure S10d). The data normalized to an Mpy IS gives better
and more reproducible limits of detection (LOD) compared
with those without normalization (Figure S11).

Another challenge for quantitative SERS analysis is
whether the method can be extended to a larger range of
analyte concentrations. For this purpose, the working curve
for PDI concentrations from 0.5 nm to 100 nm was measured
(Figure 2 f). The abrupt weak SERS signal for PDI at 100 nm
is due to severe precipitation of the CMS NPs at a high PDI
concentration (agreeing with the UV/Vis data, Figure S9 b).
After normalization with the IS, the working curve becomes
smooth and can be perfectly fitted to Langmuir adsorption
behavior with an equilibrium constant (KT) of 2.2 ×
107 nm¢1.[6c] Furthermore, the relative standard deviation of
KT can be significantly improved (from 45% to 12 %) by
normalization. From the obtained KT value, we can calculate
the surface coverage of PDI molecules at different concen-
trations. Surprisingly, we found a very good linear increase in
the relative PDI SERS intensity with the increasing PDI
surface coverage (inset of Figure 2 f). Such linearity over
a large concentration range is the basis of the quantitative
SERS analysis. Up to now, we have not found any report
discussing such a linear relationship in SERS (see sec-
tion S3.5).

We also applied the CMS NPs to the quantitative SERS
analysis of other target molecules with less affinity to the

Figure 2. SERS monitoring of the aggregation process after addition of
target molecules (PDI) and the working curves in the quantitative
SERS analysis. a) Time-dependent SERS spectra of Mpy (internal
standard, IS) and PDI (target). b) The SERS intensities of the target
and IS fluctuate with the incubation time. c) The first derivative of the
intensities of the IS and target. d) Time-dependent SERS intensity of
the target and the intensity ratio of the target to IS. e) A plot of the
SERS intensities of the internal standard (Mpy, open triangle), target
(PDI, solid circle), and relative intensities (open square) at various PDI
concentrations. f) A plot of the SERS intensities and the relative ones
versus the PDI concentration over a large concentration range; the
inset is a plot of the relative intensities against the PDI surface
coverage. The laser power was 3.4 mW in the kinetic study (a–d) and
6.6 mW for quantitative analyses (e,f). The collection time was 25 s for
(a–d) and 10 s for (e,f). Each point in (e) and (f) is the mean of 16
spectra.
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SERS substrates. For example, basic red 9 (BR9) is a for-
bidden dye in the textile industry and has a weak affinity to
silver. Figure 3a shows the SERS spectra of BR9 on the CMS
NPs; the band at 825 cm¢1 was used for quantitative analysis.

The relative SERS intensities of BR9 follow a very nice
Langmuir-type curve over a broad concentration range of
0.5 nm to 100 nm (Figure 3b). Such a low LOD is hard to
achieve in traditional SERS analysis because of the compet-
itive adsorption of internal standards. Sensitive quantitative
analysis of weakly adsorbed molecules is essential for
applications such as environmental monitoring, food testing,
as well as in situ and in vivo detection.

We further applied the CMS NPs to the quantitative
SERS analysis of molecules, such as uric acid (UA), that have
much weaker SERS intensities as a result of their small
Raman cross-sections. UA is a common final metabolite of
purine-related species in human blood, with a concentration
range of 200–430 mm for males and 140–360 mm for females.
Abnormal concentrations of UA are usually associated with
some diseases and should be carefully monitored. UA
produces a band at 1135 cm¢1 (Figure 3 c), which is strong
enough for detailed analyses. A linear response of the relative
SERS intensity of UA to Mpy versus the UA concentration
was obtained (Figure 3d). The linear working curve covers
the concentration range of normal humans, which is sufficient
to provide quantitative data for diagnoses in a fast and
inexpensive manner. A further development will be to design
more sophisticate CMS NPs that will not only have enough
sensitivity to quantitatively detect the UA in human blood,
but also possess necessary selectivity that can deal with the

complicated samples with less steps of purifications and
separations.

In contrast to the reported CMS studies, the introduction
of a framework layer of CA makes the present method more
versatile and suitable for preparing SERS-active core–shell
nanoparticles with different IS molecules to avoid spectral
overlap with the analytes. For example, we have synthesized
CMS NPs containing MBA or thiophenol with similar SERS
properties to Au@CA + Mpy@Ag (Figure S12a–c) for quan-
titative SERS analysis of PDI (Figure S12d). On the other
hand, using other types of sandwich structures, such as
Ag@M@Ag and Ag@M@Au, as well as other shapes of core
and/or shells, may also be possible. We are currently inves-
tigating such modifications with the aim of developing some
new types of functional nanoparticles and expanding the
SERS application.

In summary, we have developed a novel quantitative
SERS method based on core-molecule-shell nanoparticles.
The two components in the molecular layer play different
roles: one helps to form the shell and the other gives a strong
Raman signal and is used as the internal standard (IS). Since
the IS is embedded inside the shell and the target molecule is
adsorbed on the shell surface, they will not compete for the
surface sites, and the IS signal will not be influenced by the
detection environment. Our results convincingly demonstrate
that the IS signal can effectively correct the signal fluctuation
as a result of the different aggregation states and measuring
conditions, which allows a reliable quantitative SERS analysis
of targets with different affinities to the surface. The flexibility
in choosing the Raman probe, the core, and shell materials
(materials, size, and shape) will make this method applicable
for the quantitative SERS detection of a wide variety of
targets.

Keywords: analytical methods · internal standards ·
nanoparticles · quantitative analysis · Raman spectroscopy
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