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Analytical techniques based on surface-enhanced Raman scattering (SERS) suffer from a lack of
reproducibility and reliability, thus hampering their practical applications. Herein, we have developed a
SERS-active substrate based on a graphene oxide embedded sandwich nanostructure for ultrasensitive
Raman signal readout. By using this novel Au@Ag NPs/GO/Au@Ag NPs sandwich nanostructure as a

SERS substrate, the Raman signals of analytes were dramatically enhanced due to having plenty of hot
spots on their surfaces and the unique structure of the graphene oxide sheets. These features make the
sandwich nanostructured film an ideal SERS substrate to improve the sensitivity, reproducibility and
reliability of the Raman readout. The sandwich nanostructure film can be applied to detect rhodamine-

6G (R6G) with an enhancement factor (EF) of ~7.0 x 107 and the pesticide thiram in commercial grape

juice with a detection limit of as low as 0.1 uM (0.03 ppm), which is much lower than the maximal

residue limit (MRL) of 7 ppm in fruit prescribed by the U.S. Environmental Protection Agency (EPA). The
GO embedded sandwich nanostructure also has the ability to selectively detect dithiocarbamate
compounds over other types of agricultural chemical. Furthermore, spiked tests show that the sandwich
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nanostructure can be used to monitor thiram in natural lake water and commercial grape juice without

further treatment. In addition, the GO enhanced Raman spectroscopic technique offers potential
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1 Introduction

Since its first observation on a rough Ag electrode thirty years
ago, the surface-enhanced Raman scattering (SERS) spectro-
scopic technique has become one of the most widely used
spectroscopic tools for the identification and detection of
chemical and biological species owing to its integration of high
sensitivity, unique spectroscopic fingerprint, and non-destruc-
tive data acquisition.” Up to now, most of the SERS platforms
are noble metal colloidal nanoparticles (NPs) where enormous
Raman enhancement factors could be obtained in areas of “hot
spots” from the locations of colloidal aggregations.> However,
hot spots in these systems are randomly distributed and it is
very difficult for the targets to enter the conjunctions among the
aggregated NPs. Therefore, it is highly desirable to fabricate
ultrasensitive, reproducible, and uniform SERS-active
substrates for ultrasensitive Raman detection. In recent years,
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practical applications for the on-site monitoring and assessment of pesticide residues in agricultural

various approaches have been developed to fabricate highly
SERS-active substrates to yield uniform and reproducible
Raman signals and almost all of the SERS substrates are made
from pure metallic nanostructures.®

Graphene is a perfect 2D material with a monolayer of
carbon atoms packed into a honeycomb crystal plane, which is
uniform and has previously been reported to play a role as a
Raman enhancement substrate.* On the other hand, graphene
oxide (GO), the oxidized state of graphene, also attracts much
interest in SERS applications because of its specific surface
structures.®” Molecules can easily form a unified orientation on it
collectively due to the flatness of the graphene oxide surface.
This allows measurement of the Raman signal from molecules
with a unified orientation, rather than an average effect from
many randomly oriented molecules. Graphene oxide enlarges
the molecular orientation change and makes this effect easier to
observe.® Grapheme oxide has a high adsorption capacity
toward aromatic compounds and pesticides,” and some
methods have been developed to synthesize nanohybrid struc-
tures of GO with noble metal NPs for SERS applications.® To
obtain a unified GO-metal nanohybrid structure, it is better to
fix it on a solid substrate for stable, reliable and uniform Raman
signal readout, and most substrate-based structures consist
of graphene (or GO) and Au (or Ag) NPs.® It is reported that
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silver-coated gold nanoparticles (Au@Ag NPs) in solution have
individual particle-based SERS ability toward some kinds of
pesticides, and the Au@Ag NPs can also be synthesized to have
uniform size and shape using Au NPs as seeds, which are
difficult to obtain for Ag NPs.®

Herein, we report a novel sandwich nanostructure composed
of GO nanosheets and Au@Ag NPs for enhanced Raman signal
readout. The GO embedded sandwich structure was used as the
SERS-active substrate to detect rhodamine 6G (R6G) with an
enhancement factor of as high as ~7.0 x 10”. Moreover, the as-
fabricated SERS substrate can be employed to enhance the
Raman signals of thiram, showing a detection limit as low as
0.03 ppm, which is much lower than the maximal residue limit
(MRL) of 7 ppm in fruit prescribed by the U.S. Environmental
Protection Agency (EPA).

Dithiocarbamates are a group of organosulfur compounds
extensively used for a wide range of applications in agriculture
and industry." Among them, thiram (bis-(dimethyldithio-
carbamoyl)disulfide), a dithiocarbamate fungicide, is one of the
most largely used worldwide in agriculture as a fungicide and
animal repellent. Moreover, the toxicity induced by exposure to
thiram can lead to serious skin and eye illnesses, as well as
damage to the liver due to the carbon disulfide release from
thiram." Conventional analyses of thiram are usually per-
formed with colorimetry, chromatography, spectrophotometry,
polarography and other electrochemical methods."> However,
these techniques require sophisticated sampling, prior separa-
tion/extraction and preconcentration procedures, and thus they
are complicated, high-cost and time-consuming. It's very urgent
to develop simple, rapid, ultrasensitive analytical techniques for
the on-site analysis of trace pesticide residues to improve
environmental and agricultural safety. The SERS technique
based on the self-assembled sandwich nanostructure shows
potential as a complementary method for the sensitive and
rapid detection of dithiocarbamate chemicals.

2 Experimental section
2.1 Materials

Thiram, chlorpyrifos, imidacloprid, ethoprophos, 2,4-dichlor-
ophenoxyacetic acid, parathion-ethyl, atrazine, rhodamine-6G
(R6G), 3-aminopropyltriethoxysilane (APTES) and poly-
(ethyleneimine) (PEI, M,, = 25 000) were purchased from
Sigma. Graphite flakes (325 mesh) were provided by Alfa Aesar.
Silver nitrate (AgNO;), sodium citrate (Naz;CeHsO5-2H,0,
99.8%), chloroauric acid (HAuCl,-4H,0, 99.9%) and sodium
diethyldithiocarbamate (AR) were obtained from the Sino-
pharm Chemical Reagent Co., Ltd. All reagents were used
without further purification. Ultrapure water (18 MQ) was
produced using a Millipore water purification system and used
for all solution preparations.

2.2 Synthesis of citrate-stabilized Au, Au@Ag, and Ag
nanoparticles

Typically, 0.25 mL of 0.1 M HAuCl, was added to 100 mL of
ultrapure water and then heated to boiling under magnetic
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stirring. After quickly injecting 1.5 mL of 1% trisodium citrate,
the mixed solution was refluxed for ~30 min until it became
wine red and the Au NPs were synthesized. 4 mL of 1% triso-
dium citrate was rapidly injected into the above boiling solu-
tion. Then 17 mL of 1 mM AgNO; was added dropwise into the
above mixture at a rate of one drop per 30 s. Silver nitrate was
reduced by trisodium citrate and the resultant silver continu-
ously grew on the surface of the Au seeds. After the wine red of
solution changed to orange yellow, the solution was stirred for
30 min and the Au@Ag NPs were obtained. Meanwhile, Ag NPs
were prepared by the reduction of AgNO; with trisodium citrate
in water.”

2.3 Fabrication of the GO embedded sandwich
nanostructure

The GO nanosheets were first prepared from natural graphite
flakes by a modified Hummers method."* Au@Ag NPs were
assembled on a silicon substrate in the following procedure:
first, a silicon substrate was cleaned by sequential ultra-
sonication in acetone, ethanol, and deionized water for 15 min
in sequence and then treated with H,SO,-H,0, (3:1 (v/v)
H,S0,4 (98%)-H,0, (30%)) at 90 °C for 30 min to derive a
hydroxyl surface. After thoroughly rinsing with Milli-Q ultrapure
water and ethanol, the cleaned silicon substrate was dried in
air. Second, the silicon substrate was immersed in a 10%
solution of APTES in ethanol for 18 h to silanize the substrate,
which was then extensively rinsed with ethanol to remove
unbound monomers from the surface and dried in air. Third,
the silane modified silicon substrate was submerged in
colloidal Au@Ag NPs for 12 h, resulting in the formation of a
layer of Au@Ag NPs on the silicon surface. The silicon substrate
with a layer of Au@Ag NPs was coated with PEI by immersing it
in 4 mg mL " positively charged PEI solution for 2 h. After being
washed with pure water, the PEI-coated substrate was dipped
into a 0.125 mg mL~" GO solution for 2 h to modify the
substrate with GO. The substrate was covered with PEI again
over the GO layer. Finally, after being washed with pure water,
the substrate was again submerged in colloidal Au@Ag NPs,
resulting in the formation of the Au@Ag NPs/GO/Au@Ag NPs
sandwich structure.

2.4 Raman detection of R6G in ethanol

10 pL aliquots of different concentrations of R6G in ethanol
were dispersed on the as-prepared substrates and dried in an air
for SERS detection. The Raman spectra were recorded using a
532 nm laser with 1 mW power and a 50 objective (1 um? spot).
The integral time was 0.5 s and the slit aperture was 50 um.

2.5 Raman detections of pesticides in ethanol and thiram in
spiked samples

For the detection of thiram in ethanol, 10 pL aliquots of
different concentrations of thiram in ethanol were dispersed on
the as-prepared substrates; other pesticides were also detected
using the same method. For the detection of thiram in spiked
samples, 100 pL of the spiked sample solution was diluted in
ethanol to 1 mL, then 10 pL of the diluted solution was dropped
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onto the substrate. The Raman spectra were recorded using 532
nm laser with 8 mW power and a 50x objective (1 um® spot).
The integral time was 2 s and the slit aperture was 50 pm.

2.6 Instruments

Absorption spectra of the colloidal Au NPs, Ag NPs, Au@Ag NPs
and GO solution were measured using a Shimadzu UV-2550
spectrometer. Optical photographs were taken by a Canon-350D
digital camera. The structures of the samples were character-
ized using field-emission scanning microscopy (FE-SEM, Sirion
200) and transmission electron microscopy (TEM, JEOL 2010).
Atomic force microscopy (AFM) images were recorded on a DI
Innova. Zeta-potential measurements were conducted with a
Zetasizer 3000 HSA. Raman measurements were conducted
with a ThermoFisher DXR Raman microscope equipped with a
CCD detector with an excitation wavelength of 532 nm. The
laser beam was focused to a spot of about 1 pm?® by a 50x
microscope objective.

3 Results and discussion

3.1 Fabrication and characterization of the Au@Ag NPs/GO/
Au@Ag NPs sandwich structure

The fabrication procedure of the graphene oxide embedded
sandwich structure is schematically illustrated in Fig. 1. The GO
nanosheets were first prepared from natural graphite flakes by a
modified Hummers method. The silicon substrate was modi-
fied by silanization with APTES, resulting in an amino-termi-
nated silane monolayer on its surface for further chemical
conjugation with the Au@Ag NPs. Next, the APTES-modified
substrate was immersed in a colloidal suspension of Au@Ag
NPs, leading to a layer of Au@Ag NP film on the substrate (step
1). Then, the substrate was submerged in a positively charged
PEI solution to endow positive charge on the surface. The PEI-
coated substrate was then immersed in a GO solution to modify
the substrate with GO (step 2). The silicon substrate was again
covered with another layer of PEI on the GO. Finally, the
substrate was submerged in colloidal Au@Ag NPs, resulting in a

Si wafer

Raman Signal

Au@Ag NPs film
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graphene oxide embedded sandwich structure (step 3). The as-
obtained GO-embedded sandwich structure can serve as a SERS-
active substrate for Raman detection with high sensitivity, good
reproducibility and high reliability due to having plenty of hot
spots on its surface and the unique structure of the graphene
oxide sheets.

Uniform Au@Ag NPs were synthesized in aqueous solution
via seed growth through consecutive two-step reactions. First,
Au NP colloids with a size of 30 nm were prepared by the
chemical reduction of chloroauric acid with sodium citrate.
Subsequently, AgNO; solution was mixed into the Au NP
colloids under vigorous stirring. Due to the match in the crys-
talline lattices of Ag and Au, the resultant Ag metal was selec-
tively grown on the Au cores and the core-shell Au@Ag NPs were
obtained (Fig. S1, ESIf), accompanied by an obvious color
change from wine red to orange. Fig. 2 shows the SEM images of
the samples obtained in above mentioned steps. Au@Ag NPs
were first assembled on the silicon substrate (Fig. 2a). The
Au@Ag NP film was coated with a positively charged poly-
(ethyleneimine) (PEI) layer and then grafted with the negatively
charged GO (Fig. 2b). It was difficult to identify the GO under
SEM due to its extremely small thickness. The crumpled sheet
morphology of GO observed in the enlarged SEM image indi-
cates that GO was successfully grafted onto the surface (Fig. S2,
ESIT). The as-obtained film was further deposited with another
layer of Au@Ag NPs, showing a higher density compared with
the first layer of Au@Ag NPs assembled on the silicon substrate,
resulting in a graphene oxide embedded sandwich structure
(Fig. 2¢).

Raman measurements were also conducted to characterize
the as-obtained samples. As shown in Fig. 2d, only the strong
Raman scattering signal of silicon is observed on the Au@Ag NP
film, while obvious Raman peaks of the D band and G band of
GO are observed on the GO coated Au@Ag NP film and Au@Ag
NPs/GO/Au@Ag NPs sandwich structure. Raman peaks of GO
recorded from 10 random spots on the GO coated Au@Ag NP
film are almost identical, which demonstrates the good
uniformity of GO grafted on the PEI-coated Au@Ag NP film

GO coated Au@Ag NPs film

Au@Ag/GO/Au@Ag
sandwich structure

(3) l

Fig. 1 A schematic illustration of the fabrication process of the graphene oxide embedded sandwich structure and its application in SERS.
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Fig. 2 SEM images of (a) assembled Au@Ag NP film, (b) GO coated Au@Ag NP
film and (c) Au@Ag NPs/GO/Au@Ag NPs sandwich structure. (d) Raman signals
of the Au@Ag NP film (curve 1), GO coated Au@Ag NP film (curve 2) and Au@Ag
NPs/GO/Au@Ag NPs sandwich structure (curve 3).

(Fig. S3a, ESIT). The samples were further checked with AFM
(Fig. S4, ESIf). AFM images reveal the uniform surface
morphology after coating GO on the Au@Ag NP film. After the
second layer of the Au@Ag NPs was loaded, the D band and G
band of GO can still be clearly identified from the Raman
spectrum of Au@Ag NPs/GO/Au@Ag NPs, which confirms the
successful fabrication of the Au@Ag NPs/GO/Au@Ag NPs
sandwich structure. The D band and G band intensities of GO
are both significantly enhanced in Au@Ag NPs/GO/Au@Ag NPs,
which could be attributed to the coupled surface plasmon
resonance (SPR) absorption of the Au@Ag NPs on GO."*

The PEI layer played a crucial role in the modification of the
Au@Ag NP film with GO. PEI is positively charged at a pH <10.5
in aqueous solution due to a large number of basic amino
groups at the polymer chains.'® The PEI-modified Au@Ag NP
film had a positive charge on its surface, and the negatively
charged GO could be tightly absorbed onto it through the
electrostatic force (Table S1, ESIf). When non-PEI-coated
Au@Ag NP film was used under the same experimental condi-
tions, only unstable Raman signals of GO were obtained, which
could be ascribed to the non-uniform adsorption of GO on the
surface of Au@Ag NP film (Fig. S3b, ESIf). Through the counter-
charge interaction based self-assembly strategy, the Au@Ag
NPs/GO/Au@Ag NPs sandwich structure was obtained.

3.2 SERS properties of the Au@Ag NPs/GO/Au@Ag NPs
sandwich structure

R6G, one of the widely used standard probes for the evaluation
of SERS performance, was chosen to probe the SERS effect of the
GO embedded sandwich structure. The strong Raman peaks at
612 cm™ !, 774 cm™?, 1360 cm ™}, 1509 cm™?, and 1650 cm ™! are
in good agreement with previous reports on pure R6G."” The

Raman signals can still be observed even when its
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concentration decreased to as low as 1 nM (Fig. S5a, ESIY).
Raman spectra of R6G molecules (1 x 1077 M) were taken from
15 randomly selected places on the substrate (Fig. S5b, ESIT),
and the relative standard deviation (RSD) of the 612 cm ™" peak
intensities of R6G is 8.4%, demonstrating the good uniformity
of the substrate. To probe the Raman scattering effect of the
sandwich structure, Raman spectra were collected by adding
R6G (1 x 10”7 M) onto the surface of the bare silicon substrate
(Si), Au@Ag NP film, two layers of Au@Ag NPs on a silicon
substrate modified with PEI instead of GO (Au@Ag NPs/PEI/
Au@Ag NPs), and the Au@Ag NPs/GO/Au@Ag NPs film,
respectively. As shown in Fig. 3, no Raman signal of R6G is
detected on the Si substrate, while strong Raman signals of R6G
are monitored on the other three substrates. Compared with the
Au@Ag NP film, the Raman signals of R6G were enhanced
about 3 times on the Au@Ag NPs/PEI/Au@Ag NPs and 5 times
on the Au@Ag NPs/GO/Au@Ag NPs film, respectively. Au NPs
and Ag NPs instead of Au@Ag NPs were also used to prepare the
GO embedded sandwich nanostructure, showing the different
Raman enhancements of R6G (Fig. S6, ESIT).

The SERS enhancement factors (EF) for R6G on the Au@Ag
NPs/GO/Au@Ag NPs sandwich structure film can be calculated
according to the equation EF = (Isgrs/Tpuik)(Npulk/Nsurface), Where
Isgrs and Iy are the peak intensities of 1 nM R6G on the
sandwich structure and 0.1 M R6G on a silicon substrate at
612 cm ', respectively (Fig. S7, ESIT). Nggrs and Npyy are
the number of R6G molecules excited by the laser beam on the
sandwich structure and silicon substrate, respectively. The
calculated EF of the sandwich structure is about 7.0 x 10’.
The experimental results confirm that the GO embedded
sandwich structure has high sensitivity, uniformity, and good
reproducibility as the substrate for Raman applications.

3.3 SERS detection of thiram

The sandwich structure was further applied for the detection of
trace thiram, a widely used sulfur-containing pesticide. Fig. 4a
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Q T 2000 cps
ko
E
c
£
W 4
24
A 3
2
A 1
T T T T T T T
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Fig. 3 SERS spectra of 10~7 M R6G in ethanol on Si (curve 1), Au@Ag NP film
(curve 2), Au@Ag NPs/PEI/Au@Ag NPs (curve 3), and Au@Ag NPs/GO/Au@Ag
NPs (curve 4).
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shows the Raman spectra of thiram in ethanol with concen-
trations increasing from 1.0 x 10~ to 1.0 x 10~> M using the
sandwich structure as the substrate. The intensity of Raman
peaks of thiram located at 560 cm ™', 1148 cm ™!, 1386 cm ™,
1507 cm ™! increase with the thiram concentration, whereas the
intensities of the D and G bands of GO nearly remain
unchanged. Fig. 4b reflects the relationship between SERS
intensity at 560 cm~ " and the concentrations of the thiram in
ethanol. Even at the 0.1 uM (0.03 ppm) level, signals of thiram
can still clearly be noticed. The detection limit of thiram is
lower than the maximal residue limit of 7 ppm in fruit
prescribed by the U.S. Environmental Protection Agency (EPA).

3.4 SERS selectivity of the Au@Ag NPs/GO/Au@Ag NPs
sandwich structure for detecting dithiocarbamate

The selectivity of the present detection system for thiram was
also examined among a wide variety of agricultural chemicals,
including 2,4-dichlorophenoxyacetic acid, imidacloprid, chlor-
pyrifos, ethoprophos, parathion-ethyl, atrazine and an analog of
thiram (sodium diethyldithiocarbamate) (Fig. S8, ESIT). Fig. 5
shows the SERS spectra of these agricultural chemicals

a) 1386
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Raman intensity (a.u.)

v T T T T T T
400 800 1200 1600 2000
Raman Shift (cm'1)

4500 b)
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Fig. 4 (a) SERS spectra of thiram in ethanol of various concentrations on a
Au@Ag NPs/GO/Au@Ag NPs sandwich structure. The peaks marked by D and G
are the D band (~1350 cm™") and G band (~1595 cm™") of GO. (b) The intensities
of SERS signals at 560 cm™" as a function of the concentrations of thiram in
ethanol.
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obtained by following the same procedure as for thiram. It can
be seen that the Raman signals of dithiocarbamates could be
easily detected, while the other types of compounds did not
show SERS signals at the same concentration. As reported in the
literature, the thiram molecule easily forms a resonated radical
structure when interacting with a metal surface such as Ag NPs,
leading to the S-S bond cleavage of thiram, which gives rise to
two dimethyl residues that are strongly adsorbed on the Ag NPs
by replacing the original citrate ligands at the surface of the Ag
NPs.”® The strong adsorption takes place via the SCS group
through a bidentate complex with Ag atoms. The adsorption of
the sulfur-containing pesticide on the Au@Ag NPs of the
sandwich structure provides the best possibility for their iden-
tification and detection by SERS techniques. Furthermore, SERS
bands with specific frequencies could be obtained from
different dithiocarbamate compounds. This can be used to
distinguish between different dithiocarbamates. These results
indicate that the present sensing system exhibits a high selec-
tivity for thiram and could be applied for the detection of thiram
in environmental samples.

3.5 Spike test of thiram in real samples

The high Raman sensitivity of the GO embedded sandwich
structure is particularly suitable for the practical monitoring
the residual pesticide molecules in various environments. We
present the unusual but important applications of the sand-
wich structure for the identification and detection of pesticide
residues, which when using other techniques are either
undetectable or need complicated sample pretreatments. The
spike tests were applied to different matrices, including grape
juice, ultrapure water and real lake water. The real lake water
was collected from a local lake and the grape juice was bought
from a local market. The thiram solution with different
concentrations was spiked into the grape juice, ultrapure
water and real lake water. For the SERS experiment, in order

[Thiram T10000 cps
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1269 1503 :
11561 ; :
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Imidfcloprid -——/\\’L_
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T
400 800

Fig. 5 SERS spectra of various agricultural chemicals (1 x 107> M) applied on
the Au@Ag NPs/GO/Au@Ag NPs sandwich structure, showing the highly selec-
tive Raman scattering enhancement for dithiocarbamates over other types of
agricultural chemical.
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to disperse the sample solution homogeneously on the
sandwich substrate, 100 pL of the spiked sample solution was
diluted in ethanol to 1 mL, and then 10 pL of the diluted
solution was dropped onto the substrate. Fig. 6a is the Raman
spectra of thiram in grape juice at different spiked concen-
trations increasing from 1.0 x 1077 to 1.0 x 10~> M on the
sandwich structure, and the Raman intensity of thiram
molecules at 560 cm ™' increases with the thiram residue
amount in the juice. Significantly, the detection limit of
thiram in the grape juice is 1.0 x 10~” M, which is the same as
the detection limit in ethanol. Similar results were obtained
by a systematic study on the Raman response to thiram in
ultrapure water and real lake water in the same conditions
(Fig. S9, ESIY). Fig. 6b reflects the relationship between SERS
intensity at 560 cm™ " and the concentrations of the thiram in
grape juice, ultrapure water and real lake water. All the
fingerprint SERS signals of thiram could be observed clearly
from the three samples. The results imply that the as-fabri-
cated GO embedded sandwich structure can be used to detect
thiram in all of the different matrices tested with high
sensitivity and good reproducibility.
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Fig.6 (a) SERS spectra of thiram in grape juice at different spiked concentrations
on the Au@Ag NPs/GO/Au@Ag NPs sandwich structure. (b) The intensities of the
SERS signals at 560 cm ™" as a function of the concentrations of thiram spiked in
different matrices of natural lake water, grape juice and ultrapure water.
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4 Conclusion

In summary, we have developed a graphene oxide embedded
sandwich structure through a simple self-assembly process as
an effective SERS substrate. Significantly, the sandwich struc-
ture SERS substrate could produce highly enhanced Raman
signals (EF ~ 7.0 x 107) with good uniformity and reproduc-
ibility due to having plenty of hot spots on its surface and the
unique structure of the graphene oxide sheets. The graphene
oxide embedded sandwich nanostructure film can be applied to
detect the pesticide thiram in commercial grape juice with a
detection limit as low as 0.1 uM (0.03 ppm), which is about 2
orders of magnitude lower than the maximal residue limit
(MRL) of 7 ppm in fruit prescribed by U.S. Environmental
Protection Agency (EPA). The simple, rapid, and ultrasensitive
Raman detection strategy using the graphene oxide embedded
sandwich structure as a Raman amplifier exhibits great prac-
tical potential for the on-site monitoring of food/environmental
safety and the spectroscopic identification of trace pesticides in
agricultural products.
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