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Individual SERS substrate with core–satellite
structure decorated in shrinkable hydrogel
template for pesticide detection
Yiping Wu,a,b,c Pan Li,c Liangbao Yanga,c* and Jinhuai Liua,c**
Individual Au@PNIPAM/Ag composite has been designed and fabricated as surface-enhanced Raman scattering (SERS) sub-
strate in this paper. Because of the high porosity of the polymer shell and the driving force of the Au core to Ag+(H2O)n

(n=1–4) in aqueous solution, chemical reactions can be carried out while aggregation is completely avoided. Also, this makes
the formation of vast and monodisperse Ag nanoparticles within PNIPAM and increases the colloidal stability. The Au cores
with different sizes and the vast Ag nanoparticles then form core–satellite structures that can generate plasmon resonance.
Moreover, this kind of individual Au@PNIPAM/Ag composite can be seen directly through Raman optical microscope, and
uncertain effects on SERS signals resulting from variability of the configurations are minimized because these individual
composite particles are relatively uniform. Importantly, the gaps between the Au and Ag nanoparticles can decrease because
the PNIPAM shrinks from swollen to collapse state, so the substrate can also be used for inspecting pesticide residues accu-
rately and rapidly. Copyright © 2014 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

A variety of surface-enhanced Raman scattering (SERS) substrates
have been developed in order to obtain sensitive and enhanced
SERS signal.[1,2] Because the characteristic of structural
parameters was accurately controlled, regular nanoparticle arrays
and other nanofabricated SERS substrates have been widely used
as SERS substrate with highly reproducible and large enhance-
ment factors (EFs) ‘by design’. Particularly, Raman EF as large as
108–1014 was observed.[3,4] However, the sub-nanometer control
on the interspace between particles has to face the problem of
poor structural reproducibility, which results in a wide
distribution of EF values and unquantifiable/irreproducible SERS
signals.[5] It is still difficult to fabricate well-controlled small gaps
or complex geometries on the scale of a few nanometers to
create efficient and abundant ‘hot spots’.[6]

Individual nanoparticles, nanoscale junctions, and nano-
aggregations have been intensively studied because the
exact position of the hot spots can be conveniently located
in situ by using an optical microscope during the SERS
measurement rather than a scanning electron microscope
or atomic force microscope after the SERS measurement
and thus provide reliable reproducibility. For example, Liu
et al. reported that individual particles could be clearly
observed under dark-field illumination and SERS signal
obtained on a single particle has high and extremely narrow
distribution of EFs.[7] Yoon et al. prepared a SERS platform
composed of a single metallic nanowire (NW) on a metallic
film. Optical excitation of this sandwich nanostructure
provides a line of SERS hot spots (a SERS hot line) at the
gap between the NW and the film.[8] Goddard et al. demon-
strated a high resolution spectral flow cytometer capable of
J. Raman Spectrosc. 2014, 45, 68–74
acquiring Raman spectra of individual SERS tags at flow rates
of hundreds of particles per second.[9] SERS-active substrates
are generally geometry-controlled nanostructures and nanoparti-
cle aggregates (often resulting from nonspecific aggregation)
including dimeric structures in which the analyte is localized at
a junction between the nanoparticles.[10,11] However, SERS-based
single-molecule detection generally faces a problem with
substrate structural reproducibility, as particle structure and
interparticle distance can markedly affect Raman signals and
constructing robust SERS-active nanostructures still remains
challenging.[12] Recently, Gandra et al. reported a kind of core–
satellite structures composed of shape-controlled plasmonic
nanostructures. The in-built electromagnetic hot spots and
Raman reporters of core–satellite structures make them excellent
candidates for SERS probes.[13] So far, these core–satellite
structures have also been achieved through either beam lithog-
raphy or DNA-mediated assembly.[14–16]

On the other hand, hydrogel has been widely used as a carrier
for the immobilization of metal nanoparticles combined with its
unique properties (high level of water in its composition, and
reversible volume changes). Such nanocomposite hydrogels have
Copyright © 2014 John Wiley & Sons, Ltd.
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attracted intensive interest in many fields.[17–19] For example, the
Liz-Marzan’s group developed some approaches such as grafting
polymers directly on the particles or in situ reduction of metal
ions within the polymer made possible to increase the metal
concentration and therefore to obtain composite materials with
synergic properties that can be applied for optical sensing.[20–24]

Our group has reported a strategy that allows one to finely
tune the distance between Ag nanoparticles decorated on
thermoresponsive microgels poly (N-isopropylacrylamide) (PNIPAM)
to create vast ‘hot spots’ for electromagnetic enhancement.
Dynamic gap (i.e. the interparticle distance) can be tuned easily
because the microgel template undergoes a phase transition by
changing the temperature.[25]

Herein, a simple and straightforward method to prepare
individual core–satellite structure SERS substrate with dynamic gap
was studied. Au nanoparticles cores with controllable sizes ranging
from 20 to 110nm were obtained through a seed-mediated growth.
The shell is PNIPAM, which can generate in situ polymerization on
the Au core surface without complicated functionalization.
Importantly, the shell has been embodied with vast Ag
nanoparticles that are significantly more efficient than gold as a
plasmonic metal, and the Au–Ag nanoparticle also produces surface
plasmon resonance. The big Au nanoparticle and the vast small Ag
nanoparticles form a kind of core–satellites structure. Moreover, the
Au@PNIPAM/Ag composite can be synthesized in aqueous solution,
and it will shrink to half size of the original when drying, which
would cause the nanoparticle gap to decrease and generate vast
‘hot spot’.[26] This behavior arises from the loss of hydrogen bonding
to amide groups (hydrophilic sites of –CO and –NH) in the hydrogel
copolymer and leads to a collapse of the expanded structure. So it
will be an excellent SERS substrate.
Experimental section

Materials

All chemicals used were analytical-reagent grade and used as
received. Cetyltrimethylammonium bromide (CTAB), chloroauric
acidtetrahydrate (HAuCl4.3H2O), trisodium citrate dehydrate (NaCt),
silver nitrate (AgNO3), sodium borohydride (NaBH4), ascorbic
acid (AA), N-isopropylacrylamide (NIPAM, 97%), glycine (98.5%), N,
N′-methylenebisacrylamide (BIS), sumithion, p-aminothiophenol
(4-ATP), and 2-2′-azobis (2-methylpropionamidine) dihydrochloride
(AAPH) were purchased from Shanghai Chemical Reagent Ltd. Co.
of China. All solutions were prepared using ultrapure water
(resistance> 18MΩ cm�1).
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Sample preparation

Au (d~20 nm)@PNIPAM-1 particles

Of Au nanoparticles (average diameter 20 nm), 10ml were
prepared as described elsewhere[27] by NaCt reduction and then
diluted with 3.75ml of a 0.2M CTAB solution and water to 50ml.
The solution was purged with nitrogen (15min) at 70 °C, followed
by addition of NIPAM (0.1698 g) and BIS (0.0234 g). After 15min,
the nitrogen flow was removed, and the polymerization was ini-
tiated with the addition of AAPH (600μl, 0.1M). After 5–10min,
the wine-reddish mixture solution became turbid, and the
reaction was allowed to proceed for 2 h at 70 °C. The reddish-
white mixture was then allowed to cool down to room tempera-
ture under stirring. To remove small oligomers and unreacted
J. Raman Spectrosc. 2014, 45, 68–74 Copyright © 2014 John
monomers, the dispersion was centrifuged (10min at 8000 rpm),
and the precipitate was washed three times with milli-Q water. At
last, they were redispersed in 10ml of water.

Au (d~60 nm)@PNIPAM-2, Au (d~110 nm)@PNIPAM-3, and Au
(d~150 nm)@PNIPAM-4 particles

The growth of the Au core was carried out following the method
developed by Rodriguez-Fernandez et al.[27] Briefly, AA (0.1M,
100μl) solution was added into 18ml of mixture of HAuCl4
(2.5 × 10�4M, 180μl) and CTAB (0.2M, 900μl) at 25 °C, followed
by addition of 4ml seed solution (Au@PNIPAM-1) under
magnetic stirring. After 30min, the growth process was finished.
The Au core size measured from transmission electron micros-
copy (TEM) was about 60 nm. Once again, using the
Au@PNIPAM-2 as seeds, we obtained Au@PNIPAM-3. Using the
Au@PNIPAM-3 as seeds, we obtained Au@PNIPAM-4. At last, they
were redispersed in 10ml of water.

Au@PNIPAM/Ag-(1–3) particles

The decorating of Au@PNIPAM-1 with Ag nanoparticles was
carried out following the method. AgNO3 (50μl, 0.2M) was added
under mild magnetic stirring to 1ml of Au@PNIPAM-1. The
mixture was kept for 30min at 25 °C to allow Ag+ to get into
the composites fully. Then, 50μl of NaBH4 (0.1M) was added to
the sample under vigorous magnetic stirring to promote the
nucleation of Ag nanoparticles inside the PNIPAM. Silver growth
was achieved by adding a mixture composed of CTAB (2.5ml,
0.2M), glycine at pH 9.5 (2.5ml, 0.4M), and AgNO3 (400μl,
0.2M) to the previously treated Au@PNIPAM-1 solution. Then,
600μl of AA 0.1M was added under vigorous magnetic stirring,
and the mixture was maintained at 25 °C for 30min, followed
by centrifugation (1000 rpm, 10min) to remove excess AA and
washing two times with water. At last, they were redispersed in
10ml of water (i.e. Au@PNIPAM/Ag-1 particle). Using the same
method, Au@PNIPAM-2 and Au@PNIPAM-3 were decorated with
Ag nanoparticles, and we obtained Au@PNIPAM/Ag-2 and
Au@PNIPAM/Ag-3 particles.

Samples detection

The SERS of 4-ATP were recorded. First, 1-ml aliquots of
Au@PNIPAM/Ag-3 composites were stabilized at room tempera-
ture. Then, analyte was added to each nanoparticles suspension
reaching final concentrations of 10�9M. Of the corresponding
suspension, 1μl was cast on a silicon slide. After 30 s, the suspen-
sion did not flow, but the particles were still at wet state, and an
individual composite particle was observed through Raman
microscope. Then, this particle was excited with a 532-nm laser
line and was collected at wet state. After 70 s, this particle was
dry, and the same method was used to collect the SERS image
here. The SERS detections of sumithion were carried out follow-
ing the aforementioned method.

Characterization

The TEM images were obtained from a JEOL JEM-2010 instru-
ment operated at 100 kV. Ultraviolet–visible (UV–vis) absorption
spectra were collected on a Solidspec-3700 spectrophotometer.
Raman spectra were collected from DXR Smart Raman spectra
and were carried out on a LabRAM HR800 confocal microscope
Raman system (Horiba Jobin Yvon). The microscope objective
for laser illumination and signal collection was of long working
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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distance (8mm) with 50 magnifications and a numerical aperture
of 0.5. Integration times were provided as 2 s. The power at the
sample was 0.2mW.
Results and discussion

The formation of Au@PNIPAM/Ag composite was shown in Fig. 1.
Here, we chose a simple method without complicated surface
functionalization to synthesize Au@PNIPAM/Ag composite (see Fig.
S1 in Supporting Information). As we know, cetyltrimethylammonium
bromide (CTAB) solution canmake the Au colloid stable and assist Au
nanoparticle seed growth. The surface of Au nanoparticle can form
admicelle because of the adsorption of a surfactant bilayer.[28] The
next process is the solubilization of monomer [NIPAM and N,N′-
methylenebisacrylamide (BIS)] into the admicelle; this phenomenon
is called adsolubilization. The in situ polymerization of the monomer
can generate when initiator 2-2’-azobis (2-methylpropionamidine)
dihydrochloride (AAPH) is added into the aforementioned solution,
so the coating of Au by PNIPAM gel completes. When washing of
the treated Au@PNIPAM, much of the outer surfactant layer will be
removed and the PNIPAM gels expose, then the growth of Au core
in situ is under control.
The growth of Ag nanoparticles in situ on PNIPAM was due to

the existence of driving force from Au core. Generally, metal ions
always existed as M+(H2O)n ionic clusters in aqueous solution,[29]

and there may be hydrogen bonds between H2O of M+(H2O)n
and amide bonds of the PNIPAM [Fig. 2(A)]. The PNIPAM
microgels display a positive surface charge because of a cationic
initiator (AAPH).[24] There is electrostatic repulsion between
PNIPAM and Ag+(H2O)n (n= 1–4) [as shown in Fig. 2(B)].
Therefore, the Ag+(H2O)n in aqueous solution cannot easily enter
into the porosity of the PNIPAM if not having a driving force from
the outside. This has been demonstrated by our former study.[25]

Here, the Au core of Au@PNIPAM composite is negative
surface charge because of the reduction of trisodium citrate
dehydrate (NaCt), and it would have electrostatic attraction to
the Ag+(H2O)n [Fig. 2(C)]. The driving force from Au core would
drive Ag+(H2O)n to enter into the PNIPAM gel.
According to these, the significant aspect of this core–satellite

structure is the Ag+ entering into the porosity because of the
electrostatic attraction from the Au core. It has been reported
that spherical Au nanoparticles in a wide size range can be
prepared in aqueous solutions of the cationic surfactant CTAB,
through a seeded growth method in which an ionic precursor is
catalytically reduced by AA, a mild reducing agent, on preformed
Au seeds.[27] Moreover, using the Au (d~20 nm) @PNIPAM-1
particles [see Figs S2(A) and S4(A) in Supporting Information] as
seeds, further growth steps of Au core carried out by reduction
of HAuCl4 with AA will increase the surface charge, which is a
benefit to adsorbing more Ag+ into the PNIPAM.[24] As a result,
Au nanoparticles with average sizes of 60 nm [Au@PNIPAM-2, see
Figure 1. Schematic representation of formation mechanism of Au@PNIPAM

wileyonlinelibrary.com/journal/jrs Copyright © 2014 Joh
Fig. S4(B) in Supporting Information] and 110nm [Au@PNIPAM-3,
as shown in Fig. 3(A)] were produced. Although the particles are
rather faceted, and thus not perfectly spherical, the growth is very
uniform up to almost 110 nm, without the formation of elongated
particles. Au (d~150nm) @PNIPAM-4 composite has also been
studied as shown in Fig. S6 (Supporting Information). Original Au
core and PNIPAM shell morphology has been destroyed, and the
composites are not monodisperse.

To clearly understand the driving force of different sizes of Au
core, in the next experiments, Au@PNIPAM-1, Au@PNIPAM-2, and
Au@PNIPAM-3 were used as templates to grow Ag nanoparticles.
The results show that the sizes of Au core play an impact on the
corresponding Au@PNIPAM/Ag composite: The Ag nanoparticles
in Au@PNIPAM/Ag-1 and Au@PNIPAM/Ag-2 are rare and not uni-
form [Fig. S4(C) and S4(D) in Supporting Information]. But Au
(d~110 nm) @PNIPAM/Ag-3 composite is highly uniform. Figure 3
(B) shows the morphology of individual Au@PNIPAM/Ag-3
nanoparticles, and their sizes are about 900nm. The Ag
nanoparticles are relatively uniform, and their sizes are about 30nm.

To examine the composition of the structures, Energy Disper-
sive X-ray (EDX) measurements were performed from two differ-
ent positions of Au@PNIPAM/Ag-3 composite [as indicated by the
red circles in Fig. 3(B)]. Figure 3(C) and 3(D) provides the repre-
sentative spectra of the composites. In the case of the core posi-
tion (i.e. the biggest nanoparticle), the characteristic peaks of Au
and Ag are detected [Fig. 3(C)]. Peaks intensity due to Au has ob-
viously more strength than that due to Ag, which demonstrated
that the core of the core–satellite structure is Au nanoparticle.
In contrast, the other position that avoids the biggest Au nano-
particle shows only characteristic peak of Ag [Fig. 3(D)].[30] The
results of EDX patterns demonstrate further that the Au and the
vast Ag nanoparticles formed core–satellite structures through
this simple polymer template.

Although AA-reduced silver colloids have also negative surface
charge, they are repelled by the Au core [Fig. 4(B)].[31] Herein, the
PNIPAM has high porosity, which makes the vast Ag colloidal
seeds stable. At the same time, the positive charges of PNIPAM
microgels surface have electrostatic attraction to Ag
nanoparticles with negative charge [Fig. 4(A)]. Under the balance
of the two opposing force, the Au and Ag nanoparticles are
distributed uniformly in PNIPAM gel while aggregation of
nanoparticles is completely avoided. Such high and uniform
coverage of Ag nanoparticles made the Au@PNIPAM/Ag
substrate full of hot spots, which imparted superior SERS
enhancement to the PNIPAM/Ag composites; thus, they could
work as highly efficient SERS substrates.

The PNIPAM/Ag composite [see Fig. S3(B) in Supporting
Information] also shows vast Ag nanoparticles, which are onside
the entire surface of nanosphere template, but it cannot be
observed directly through Raman microscope even at its swollen
state because of its small size. Here, interestingly, individual
particles [as indicated by the red circles in Fig. 5(B)] obtained by
/Ag composite.

n Wiley & Sons, Ltd. J. Raman Spectrosc. 2014, 45, 68–74



Figure 2. Schematic representation of the possible interactions between Au@PNIPAM composite and Ag+ (H2O)4: (A) possible hydrogen-bonding
interaction, (B) electrostatic repulsive force between the cation–cation pairs, and (C) electrostatic attractive force through the anion–cation pair.

Figure 3. TEM images of Au@PNIPAM-3 (A) and Au@PNIPAM/Ag-3 (B) composites, and EDX pattern of Au@PNIPAM/Ag-3 composite within two
different regions: (C) and (D), respectively.

Figure 4. Schematic representation of the possible interactions between
Au@PNIPAM composite and Ag nanoparticle: (A) electrostatic attractive
force between Ag nanoparticle and PNIPAM gel, and (B) electrostatic re-
pulsive force between Au and Ag nanoparticles.

Individual SERS substrate with core–satellite structure

J. Raman Spectrosc. 2014, 45, 68–74 Copyright © 2014 John
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casting the dilute composite solutions onto a silicon substrate
could be clearly observed under Raman microscope when at
their swollen and shrunken state [Fig. 5(B)] because of their
micrometer sizes. It is possible to obtain high repeatable image
through individual particle.

The optical enhancing properties of the Au@PNIPAM/Ag
composites were tested using p-aminothiophenol (4-ATP), which
SERS spectrum is well established.[32,33] The substrate has no
impacts on the detected molecules, and the EF provided by
Au@PNIPAM/Ag-3 is higher than that from Au@PNIPAM/Ag-1
and Au@PNIPAM/Ag-2 particles (see Figs S7 and S8 in Supporting
Information), which is consistent with the densest ‘hot spot’ of
individual Au@PNIPAM/Ag-3 particle than that of Au@PNIPAM/
Ag-1 and Au@PNIPAM/Ag-2 particles as shown in Figs 3(B) and
S4 (Supporting Information). Therefore, in all the experiments
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs



Figure 5. Schematic illustration of the changes of the composite from (top) swollen state to (bottom) shrunken state due to dehydration (A), optical
image of Au@PNIPAM/Ag-3 under Raman microscope (B), and SERS spectra of 4-ATP (10�9M) obtained from the individual Au@PNIPAM/Ag-3 nanopar-
ticle (C) at (top) wet and (bottom) dry state, respectively.
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described later for the design of other analytical applications of
these materials, only the Au@PNIPAM/Ag-3 particles were
employed. The UV–vis spectrum of Au@PNIPAM/Ag-3 composite
shows a plasmon band at (403 ± 2) nm, which is consistent with
the same size Ag NPs (Fig. S9 in Supporting Information), so
532 nm laser line was only chosen.
As we know, PNIPAM has been extensively studied in regard

to its well-known phase behavior in aqueous solutions, which
has the sharpest transition of the class of thermosensitive
alkylacrylamide polymers. Dehydration takes place in the
PNIPAM when it transforms from wet state to dry state, which
results in the subsequent aggregation of the PNIPAM chain
and leads to the shrinking of the hydrogel. This also can be
seen clearly under Raman microscope: The size of the compos-
ite is smaller at dry state than that at its wet state [Fig. 5(B)].
SERS measurements at the two states are also obtained. The
Raman band from individual wet substrate is weak [top of Fig. 5
(C)]. It is remarkable that an increasing SERS signal about two
orders of magnitude will be get when the substrate is dry
[bottom of Fig. 5(C)]. Actual Raman intensity for Raman spec-
trum with dry condition would decrease slightly,[34] but here
it is not. It is clear that exceeding small structures and gaps
(<10 nm) are required to generate the ‘hot spots’ typically asso-
ciated with high SERS activity.[12] The collapse of the gel makes
the nanoparticles approach each other and generate highly
active hot spots; on the other hand, once the substrate is
dehydrated, the material collapses, trapping the analytes
within the hot spots generated by the close proximity of the
plasmonic nanoparticles.[23] These changes lead to an
increasing SERS signal, which is consistent to our previous
study about PNIPAM hydrogel.[25]

Many SERS-active nanostructures have been investigated, but
they suffer from poor reproducibility of the SERS-active sites,
and the wide distribution of their EF values, which result in an
inhomogenous SERS signal. To our convenient, the individual
wileyonlinelibrary.com/journal/jrs Copyright © 2014 Joh
composite is so big that it can be seen directly in microscope.
So long as we use the laser illuminating any individual compos-
ite, strong SERS signal will be obtained. To investigate the
dependence of the SERS enhancement on each individual
composite, the characteristic peaks of 4-ATP from a single com-
posite nanosphere have been clearly recorded. Each individual
particle is chosen at its dry state [as indicated by the red circles
in the bottom of Fig. 5(B)] and obtains the SERS image spectra
as shown in Fig. 6(A). Every particle could generate the detect-
able SERS signals. The main Raman vibrations at 1430, 1388,
and 1140 cm�1 from 30 individual particles are obviously
enhanced at all spots, indicating excellent SERS activity and
reproducibility. To obtain statistically meaningful results, the
relative standard deviation (RSD) of the Raman intensity of
the carbon skeleton stretching modes is calculated. Figure 6
(B)–6(D) shows that the RSDs of the Raman peaks at 1430,
1140, and 1388 cm�1 are 0.1184, 0.1382, and 0.1206, respec-
tively, which clearly reveals the high reproducibility of the
substrate. The high reproducibility of this system can be
explained by the following interpretation: The vast Ag
nanoparticles distribute uniformly around the big Au core
because of the balance of different electrostatic forces during
the formation of composite; on the other hand, the gap of
the Au and Ag could be decreased obviously because of the
hydrogel template transformed from swollen state to shrunk
state. These are consistent with the TEM image of individual
Au@PNIPAM/Ag-3 composite, as shown in Fig. 3(B), which is
highly uniform.[35,36]

Recently, environmental problems have drawn more and more
attention to the organic pollutants related to wastewater and
polluted food. SERS obtained from individual Au@PNIPAM/Ag-3
particles at their dry states can also be used for inspecting
pesticide residues accurately and rapidly, such as the organo-
phosphate pesticide sumithion. SERS spectra of sumithion are
collected by varying their concentration from 10�5 to 10�9M.
n Wiley & Sons, Ltd. J. Raman Spectrosc. 2014, 45, 68–74



Figure 7. SERS spectra obtained from different concentrations of sumithion using individual Au@PNIPAM/Ag-3 particle: from 10�5 to 10�9M (A). A
series of SERS spectra of 10�8M sumithion molecules collected on 30 randomly selected individual Au@PNIPAM/Ag-3 particles (B).

Figure 6. A series of SERS spectra of 10�9M 4-ATP molecules collected on 30 randomly selected individual Au@PNIPAM/Ag particles at their dry state
(A) and the relative standard deviation (RSD) of the integrated Raman intensity (B), (C), and (D).
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As shown in Fig. 7(A), 10�9M sumithion can be still detected
using this individual substrate. Figure 7(B) illustrates a series of
SERS spectra of 10�8M sumithion molecules collected on 30
randomly selected individual Au@PNIPAM/Ag-3 particles at their
dry state. Figure S10 (Supporting Information) shows that the
RSDs of the Raman peaks at 635 and 837 cm�1 are 0.1281 and
0.1306, respectively, which clearly reveals the high reproducibility
of the substrate.

Conclusions

A new stepwise strategy has been developed for the assembling
of gold and silver nanoparticles by PNIPAM template for SERS
application. These novel stimuli-responsive systems offer obvious
J. Raman Spectrosc. 2014, 45, 68–74 Copyright © 2014 John
advantage: The growth of Au core in situ is controllable, and Ag
nanoparticles are distributed uniformly in PNIPAM gel under
the balance of different forces. The colloidal stability of the
particles is improved without any complicated surface
functionalization; the position of hot spots can be conveniently
located in situ by using an optical microscope during the SERS
measurement. An increasing SERS signal about two orders of
magnitude due to an increased near-field coupling between
the Au and Ag nanoparticles accompanying the changing
conformational of the hydrogel can be get. The RSDs of the
integrated Raman intensity from different concentrations of
4-ATP and sumithion are both less than 15%, which demonstrate
the high reproducibility of SERS signal from every individual
composite substrate.
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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