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A B S T R A C T

To achieve handy and reliable quantitative measurements of surface-enhanced Raman spectroscopy (SERS) for
universal analysis, this work designs a self-calibrated 2D nanoarchitecture as a flexible sensor. This sensor
consists of a self-assembled gold nanostars (AuNSs) monolayer sandwiched between two pieces of graphene, and
can be easily attached on the surface of arbitrary samples. The inner AuNSs can offer a huge number of hot spots
for strong Raman enhancement, and the existence of graphene further improves the stability and reproducibility
of SERS signals for precise detection. By implanting Raman reporters as internal standard (IS) onto one side of
the device and attaching the device with opposite side on sample surface, the distinct SERS signals from both IS
and target can be quickly collected, which offers reliable quantification information of the target by IS cali-
bration and has been demonstrated at the theoretical and experimental levels. Using carcinogenic dyestuff and
agricultural fungicide as target models, this flexible nanoarchitecture realizes fast quantitative response to target
in sample solution, and rapid in situ imaging of target distribution on solid surface. This sensor shows excellent
reusability, good durability, and diversified structure collocation along with the simple operability, indicating
great promise for fast on-site SERS detection in quantification and imaging applications.

1. Introduction

Nowadays, surface-enhanced Raman spectroscopy (SERS), which
can provide fingerprint information of target molecules and allow ul-
trasensitive analysis down to the single-molecule level [1], has become
a highly attractive analytical technology for various applications [2,3].
The dominant contribution of SERS comes from the greatly enhanced
local electromagnetic fields (hot spots) in highly curved or gapped re-
gions on SERS substrates. However, several challenges hinder the ap-
plications of SERS in quantitative analysis: (1) the enhancement is
highly sensitive to the local nanostructure or surrounding environment
[4], which makes it suffer from poor reproducibility and stability; (2)
the main contribution of SERS signal usually originates from a small
amount of target molecules inside surface hot spots, which leads to the
heterogeneity of SERS substrate; (3) complex chemical interactions
between target molecule and substrate may bring down the compar-
ability between parallel SERS experiments [5]. Thus, the development
of high-quality SERS substrates for efficient quantitative analysis is an
urgent demand.

Improving the quantitative ability of SERS substrates can generally
be achieved by two ways: artificially manipulating hot spots to obtain

reproducible signals, or introducing internal standard (IS) to SERS
systems. The former has been performed by constructing SERS sub-
strates with uniform metal nanostructure arrays [6–9] or regulating
nanogap distance [10,11], which unfortunately leads to harsh demands
on equipment and operations, while the latter is relatively simple and
can correct the environmental and matrix effects [12]. However, the
competition of IS with the target molecules in sample solution to the
surface adsorption sites of SERS substrates impairs the analytical per-
formance. An efficient strategy to avoid the competitive adsorption has
recently be developed by loading IS molecules on SERS-active nano-
particles, like core–shell nanoparticles [4,13,14], nanocapsules [15]
and isolated-Au-nanocrystal [16]. The SERS measurements are then
realized via chemically or physically aggregating the nanoparticles in
the presence of target molecules [17], which confers scarce reprodu-
cibility and severe point-to-point variability [18] due to the difficulty to
precisely control the colloidal aggregation for producing regular hot
spots. Furthermore, the dynamic nature of the aggregated colloids also
brings time-consuming problem to real sample testing. Thus, this
technology is still far from becoming a convenient and reliable analy-
tical tool for real applications.

Graphene has been demonstrated to enhance Raman signals due to
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its effective charge-transfer with adsorbed molecules, which is called as
graphene-enhanced Raman scattering (GERS) effect [19–21]. There-
fore, a graphene-mediated SERS substrate has been structured by de-
positing SERS-active metal nanoislands on graphene layer, which re-
sults in an atomically flat hot surface for Raman enhancement [5]. The
combination of graphene with metallic nanostructures brings cleaner
and more reproducible signals to other SERS substrates without ob-
viously affecting their enhancement ability [22,23]. Therefore, gra-
phene, as an emerging 2D nanomaterials, has gained more and more
attention in SERS studies. In order to construct a high-quality SERS
substrate for handy quantitative analysis, this work used graphene to
design a self-calibrated 2D nanoarchitecture. This freestanding na-
noarchitecture consisted of a self-assembled gold nanostars (AuNSs)
monolayer sandwiched between two pieces of chemical vapor deposi-
tion (CVD)-grown monolayer graphene (1LG) as a graphene-AuNSs-
graphene device (GAGD). The double-faced structure of GAGD could
load IS and target molecules on different sides, which avoided the
competition to the surface adsorption sites between IS and target. In
addition, the dense AuNS monolayer offered a huge number of hot spots
for producing highly sensitive SERS signals, and the presence of gra-
phene not only separated the nanoparticles from the external environ-
ment but also evenly dispersed the target and IS on its surface, leading
to more stable and reproducible SERS results. Thus, the flexible GAGD
showed excellent stability, reusability and signal reproducibility, which
are still important challenges in SERS testing systems. More im-
portantly, through the IS calibration, GAGD could be used as an ad-
hesive device to directly attach on the surface of arbitrary samples for
fast quantitative monitoring of target concentration in solution and in
situ SERS imaging of target distribution on solid surface. The strong
interaction of graphene with different types of molecules, the modular
design and easy preparation of the nanoarchitecture, and the simple
operability assure the diversified structure collocation and the feasi-
bility of this strategy as a universal protocol for SERS analysis.

2. Experimental

2.1. Materials and reagents

1LG prepared on Cu foil by CVD (1LG Cu foil) was purchased from
ACS Materials (USA). Poly(methyl methacrylate) (PMMA, 2% wt in
ethyl lactate) solution was obtained from Alresist (Germany).
Chloroauric acid (HAuCl4•3H2O), polyvinylpyrrolidone (PVP,
MW=10,000), sodium N-(2-hydroxyethyl) piperazine-N'-(2-ethane-
sulfonate) (HEPES), 1-dodecanethiol (DDT), 1-octadecanethiol (ODT),
4-mercaptobenzoic acid (MBA), 4-aminothiophenol (4-ATP), 5,5′-di-
thiobis(2-nitrobenzoic acid) (DTNB), 4-mercaptophenylboronic acid
(MPBA), tween-20, rhodamine 6 G (R6 G), basic red 9 (BR9) and thia-
bendazole were purchased from Sigma-Aldrich Inc. (USA). Ethanol,
N,N-dimethylformamide (DMF), hydrochloric acid (HCl), ethylenedia-
mine tetraacetic acid (EDTA), tris(hydroxymethyl)amino-methane,
FeCl3•6H2O, NaCl and NaHCO3 were obtained from Sinopharm
Chemical Reagent Co., Ltd (China). Benzonitrile (BN) were purchased
from Adamas-beta (China). Tris-EDTA buffer contained 10mM
Tris−HCl and 1mM EDTA (pH 7.40, containing 0.005% tween-20).
Apples were obtained from the local market. All reagents were of
analytical grade and all aqueous solutions were prepared using ultra-
pure water (18MΩ, Milli-Q, Millipore).

2.2. Apparatus

The transmission electron microscopic (TEM) and scanning electron
microscopic (SEM) images were gained on a JEM-2100 transmission
electron microscope (JEOL Ltd., Japan) and S-4800 scanning electron
microscope (HITACHI, Japan) equipped with an energy dispersive X-
ray (EDX) spectroscopic facility, respectively. The TEM images were
analyzed by Image J software. The dynamic light scattering (DLS)

measurement was performed on a 90 Plus / BI-MAS equipment (Brook
haven, USA). The UV–vis absorption spectra were recorded on a UV-
3600 UV-VIS-NIR spectrophotometer (SHIMADZU, Japan), and the
morphology of the device was observed under an Agilent 5500 atomic
force microscope (AFM, USA). The spin-coating and drying of PMMA
were performed on a spin coater and hot plate, respectively (SETCAS
Electronics Co., Ltd, China). The fabrication of AuNS@1LG foil was
performed on a TMS-300 temperature-controlled vibrator (Hangzhou
Allsheng instruments Co., Ltd, China). Raman spectra were recorded on
a Renishaw inVia confocal Raman microscope (Renishaw, UK). 50 ×
and 20 × telephoto objectives were used for optical images and spec-
tral measurements. All the data were analyzed with WiRE 3.4 and
Origin 8.0 software.

2.3. Synthesis of AuNSs and gold nanoflowers (AuNFs)

The synthesis of AuNSs was based on the previous study [24].
Firstly, the 15 nm PVP-coated gold seeds were prepared by rapidly
adding 5mL trisodium citrate (1% wt) into 100mL boiling HAuCl4
solution (0.5 mM) to react for 15min. After the mixture was cooled to
room temperature, 8.6mL PVP (25.6 g/L, MW=10,000) was added
dropwise and allowed to stand overnight. The gold seeds were rinsed
with ethanol by centrifugation (4000 rpm, 90min) and redispersed. The
concentration of the dispersion was determined using UV–vis absorp-
tion spectrometry [25]. The AuNSs were then synthesized by adding
43 μL above gold seeds (4.2 mM) into 15mL DMF solution containing
HAuCl4 (0.3 mM) and PVP (10mM) under rapid stirring for 15min. The
resulting AuNSs were washed by centrifugation (6000 rpm, 10min) and
redispersed in ethanol.

AuNFs were synthesized according to previous work [26]. 1.0mL
HAuCl4 solution (1% wt) was quickly added to 50mL HEPES (10mM,
pH 7.4) under continuous stirring at room temperature until the color
of solution turned to turbid blue. Afterward, AuNFs were washed by
centrifugation (5000 rpm, 15min) and resuspended in ultrapure water
containing 0.005% wt tween-20.

2.4. Preparation of AuNSs@1LG foil and AuNFs@1LG foil

The 1LG Cu foil was cut into a suitable size, cleaned with nitrogen
flow and then vertically immersed into 1mM ethanol solution of DDT
for one hour under room temperature. Afterward, the foil was air-dried
and then rinsed in water, followed by cleaning with nitrogen flow. The
as-prepared foil was vertically immersed into the AuNS solution (1 nM,
in ethanol). After incubation in a vibrator under 43 ℃ and 350 rpm for
18 h, the AuNSs@1LG foil was taken out, rinsed in water and then
cleaned with nitrogen flow. The foil could be stored in air for over one
week without any change. The AuNSs@1LG foil was also prepared with
ODT by replacing DDT with ODT. The AuNFs@1LG foil was prepared
with the same procedure except for replacing AuNSs with AuNFs.

2.5. Fabrication of GAGD

GAGD was the combination of the AuNSs@1LG foil (the SERS-active
module) and one piece of internal standard (IS) adsorbed 1LG protected
with PMMA membrane (the IS module). The latter was prepared with
following procedure: Firstly, 1LG Cu foil was cleaned with nitrogen
flow and vertically immersed into 10mM ethanol solution of MBA as
the IS for one hour under room temperature. After air-dried, the foil
was rinsed with water gently and then cleaned with nitrogen flow.
Subsequently, 2% PMMA was spin-coated (2000 rpm, 60 s) on the MBA-
adsorbed graphene via the van der Waals interactions between PMMA
and graphene. After the PMMA was dried on a hot plate (120 ℃, 5 min),
the Cu substrate on another side of the graphene was etched in FeCl3
(1M) for 5 h by the traditional PMMA-mediated method [27] and the
obtained IS adsorbed 1LG membrane was rinsed with 1:4 HCl and ul-
trapure water in sequence for further assembly. Other IS adsorbed 1LG
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membranes were also prepared with different IS (4-ATP, DTNB, BN,
MPBA). Finally, the membrane as the IS module was transferred onto
the surface of as-prepared AuNSs@1LG foil (or AuNFs@1LG foil). After
air-dried and then spin-coating with 2% PMMA on the upper side, the
Cu substrate was etched in FeCl3 (1M) for 5 h to obtain the GAGD for
SERS detection. The AuNFs-based GAGD was prepared with the same
procedure except for replacing AuNSs@1LG foil with AuNFs@1LG foil.

As comparison, the 1LG@AuNSs-MBA@1LG composite was fabri-
cated as following: 1 nM AuNS solution was mixed with 100 μM MBA in
ethanol overnight. After washing by centrifugation, the AuNSs-MBA
solution was used to immerse the 1LG Cu foil treated with DDT. After
incubation in a vibrator under 43 ℃ and 350 rpm for 18 h, the AuNSs-
MBA@1LG foil was taken out, rinsed in water and cleaned with ni-
trogen flow. Meanwhile, one piece of 1LG protected with PMMA
membrane was prepared by spin-coating 2% PMMA (2000 rpm, 60 s) on
1LG Cu foil and etching the Cu foil in FeCl3 (1M) for 5 h. After the 1LG
membrane was transferred on the AuNSs-MBA@1LG foil, the PMMA
membrane was spin-coated, and the Cu foil was etched in FeCl3 (1M)
again to obtain the 1LG@AuNSs-MBA@1LG composite. Similarly,
1LG@1LG-MBA composite was also prepared.

2.6. Raman measurements

After the device was floated on the sample solution with the IS side
facing up and the lower 1LG contacting with target, the SERS spectra of
the IS and the target were collected with exposure time of 10 s and laser
power of 5.0mW under 633 nm. The relative intensity of the target
characteristic peak to IS characteristic peak at 1075 cm−1 was used to
quantitate the target concentration with a standard curve method.
Using R6 G as the target mode, its characteristic peak occurred at 1508
cm−1. As comparison, the SERS spectrum of R6 G adsorbed AuNSs was
also recorded, which was prepared by mixing 1 nM AuNSs with 1mM
R6 G in TE buffer containing 0.5 M/1.0M Na+ for 1 h under room
temperature, and dropping the mixture on a glass slide for SERS mea-
surments.

When the device was used for imaging the distribution of target on
sample surface, it was held by a tweezer to directly place on sample
surface for collecting the SERS spectra of the IS and the target with 20
× times telephoto objective, the exposure time of 1 s and laser power of
50mW under 785 nm. As the proof-of-concept, apple samples were
treated by 1000 or 200 ppm thiabendazole aqueous solution for testing.
The SERS imaging area was 200 μm×200 μm, and data were collected
using signal to baseline map review mode from 1035 cm−1 to 1105
cm−1 for IS and 1250 cm−1 to 1310 cm−1 for thiabendazole. The re-
sidue was also detected after washing the apple with 10mg/mL
NaHCO3 solution for 150 s.

The device could be regenerated by a washing step with ethanol,
which was performed by holding the GAGD with a silicon wafer and
gently vibrating the wafer in ethanol for 5 s. Afterward the device could
be reused for the sample detection.

2.7. Finite-difference time domain (FDTD) simulation of GAGD

The FDTD simulation was performed on a commercial FDTD soft-
ware package Lumerical@FDTD Solution 8.6. The AuNS model was
30 nm in radius and had 14 points around core, which was referred to
the TEM images. In order to simulate GAGD structure, the dimer of
AuNSs was placed between two pieces of 1LG. Two kinds of plane wave
were used as the excitation source of 633 and 785 nm in wavelength
propagated along Y-axis, and the polarization was along X-axis. The
simulation object had periodic boundary conditions in X-axis and Z-axis
and PML boundary condition in Y-axis. Note that the mesh size around
corners and interaction area was 1 nm, and cross section view of si-
mulation region was monitored from X–Y plane.

3. Results and discussion

3.1. Fabrication and morphological characterization of GAGD

As proof-of-concept, AuNSs, which owns outstanding SERS perfor-
mance [28–30], and 1LG were used to construct the GAGD by com-
bining two designed modules (Fig. 1). Firstly, the monolayer of AuNSs
was self-assembled on the surface of 1LG foil with DDT as a linkage to
obtain the “SERS-active module” (Fig. S1A), denoted as AuNSs@1LG
foil. The AuNSs used in the fabrication were highly uniform and showed
numerous sharp tips (Fig. S2A). The multibranched structure (Fig. S2B)
was very favorable to SERS application [31]. Their core diameter was
60.0 ± 5.7 nm, and the tip radius of curvature was measured to be
2.9 ± 0.6 nm (Figs. S2C and S2D). The DLS and UV–vis spectroscopic
measurements (Figs. S2E and S2F) further conformed the uniformity
and multibranched structure, respectively [24]. More importantly, the
AuNSs showed low SERS background (Fig. S3), thus were good SERS
substrates for analytical application. The Raman spectrum of CVD-
grown 1LG showed negligible D band related to a series of defects
around 1355 cm−1 (Fig. S4), indicating its high quality with non-oxi-
dative property.

After DDT was self-assembled on the surface of 1LG Cu foil, the EDX
spectrum showed the existence of thiol (Fig. S1A). Thus the DDT
modified 1LG Cu foil could further assemble the AuNSs on the foil
surface by incubating the AuNS solution under 43 ℃ with a vibration
rate of 350 rpm (Fig. S5). The assembled AuNSs showed a dense
monolayer and maintained their typical multibranched structure (Figs.
S1B–1D). The EDX spectrum also demonstrated the thiol-induced as-
sembly of AuNSs, which led to the appearance of Au peak (Fig. S1A).
When ODT was used as an alternative linkage to perform the self-as-
sembly of AuNSs on 1LG Cu foil, the obtained AuNSs@1LG foil also
showed similar morphology (Fig. S6), indicating the feasibility of the
procedure.

The other module was denoted as “IS module”, which was fabri-
cated with another piece of 1LG to import IS onto GAGD via π-π in-
teraction between MBA as the IS and graphene (Fig. 1). After the IS
module was transferred onto SERS-active module with a conventional
wet transferring method, the whole architecture was further im-
mobilized by spin-coating PMMA to obtain an IS-implanted 1LG-AuNSs-
1LG foil (Fig. 2A). The Cu foil was then dissolved with FeCl3 solution to
obtain the GAGD, which could float on the water due to its ultra-thin
and freestanding 2D structure (Fig. 2B). The slightly different dispersity

Fig. 1. Manufacture of self-calibrated 2D Nanoarchitecture.
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and density of AuNSs monolayer inside GAGD (Fig. 2C and D) from the
AuNSs@1LG foil (Figs. S1C and S1D) should be mainly attributed to the
different batches of SERS-active module prepared on different graphene
sheets. The broad absorbance band in UV–vis spectrum indicated the
multibranched structure of AuNSs sandwiched between two pieces of
graphene in the PMMA membrane (Fig. S7). The AFM image confirmed
dense and uniform distribution of AuNSs without stacking (Fig. 2E).
The height profiles of gold nanostars in three sections showed similar
height fluctuation (Fig. 2F) with the relative standard deviation (RSD)
for 20 height measurements of 17.2%, 17.2% and 15.8%, respectively,
further indicating the uniform distribution of AuNSs inside GAGD.
These features assured the form of a huge number of hot spots for ef-
ficient SERS detection.

3.2. SERS features of GAGD

The SERS spectra of GAGD in both presence and absence of IS
showed negligible D band around 1355 cm−1 (Fig. 3A). Thus the fab-
rication process did not bring any defect to 1LG. In the presence of IS,
the SERS spectrum showed two new strong peaks at 1075 cm-1 and
1588 cm-1, which was attributed to the νCC and νCC′ + CC vibrations of
MBA molecule [32,33]. Compared to the Raman spectrum of 1LG@
1LG-MBA (similar nanoarchitecture without presence of AuNS

monolayer), which showed very weak peaks of MBA (Fig. S8), it could
be concluded that the AuNSs rather than 1LG in GAGD played a major
role in Raman enhancement. Furthermore, the strong SERS peaks could
be observed under both 633 and 785 nm excitation (Fig. 3B), which
meant that GAGD could work at two different excitation conditions. In
addition, the SERS spectra of GAGD at 12 randomly selected spots
showed similar peak intensity of IS (Fig. 3C). Their RSD at 1075 cm−1

was 9.4% (Fig. 3D), representing acceptable Raman enhancement
uniformity and reproducibility. The IS signal of GAGD also showed a
good duration stability against photobleaching (or photodegradation)
induced by continuous laser irradiation, which was evaluated by re-
cording the SERS spectra in a time series of 600 s at the same spot and
gave a RSD of only 4.6% (Fig. 3E and F). Under the excitation wave-
length of 785 nm, GAGD also showed similar signal uniformity and
duration stability with the RSD of 8.4% and 5.4%, respectively (Fig.
S9). After the device was floated on water at room temperature for six
months, the IS signal kept relatively stable (Fig. S10), indicating ex-
cellent long-term stability of the GAGD. Both uniformity and the good
stability were attributed to the sealed sandwich structure that separated
the AuNSs and IS from the test environment, homogeneous GAGD
structure, the separation of MBA from the AuNS surface and the strong
interaction between MBA and 1LG.

Fig. 2. Optical images of (A) IS-implanted 1LG-AuNSs-1LG foil coated with PMMA membrane (scale bar: 2 mm) and (B) GAGD floated on water (scale bar: 5mm).
SEM images of GAGD at scale bars of (C) 2 μm and (D) 500 nm. (E) AFM image of GAGD, and (F) height profile of the three black lines from top to bottom in E.
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3.3. Extensibility of GAGD

Due to the π-π interaction of graphene with different types of mo-
lecules, the GAGD possessed diversified structure collocation in
choosing the IS. When other molecules, such as 4-ATP, DTNB, MPBA
and BN, were adsorbed on 1LG Cu foil for GAGD fabrication, all re-
sulting GAGDs showed their SERS peaks (Fig. 4). Thus these molecules
could also be considered as the IS for different analytes. Furthermore,
the GAGD could be prepared with other kinds of gold nanoparticles. For
instance, a similar nanoarchitecture constructed with AuNFs displayed
highly versatile property of this design (Fig. S11).

3.4. SERS quantitative ability of GAGD

In order to verify the quantitative ability of the GAGD with SERS
technology, R6 G was used as a model target. After the GAGD was di-
rectly floated on R6 G solution (Fig. 5A), the Raman spectrum showed
strong and distinct SERS peaks of R6 G at 1128, 1182, 1310, 1362, 1508
and 1648 cm−1 [34] and MBA at 1075 and 1588 cm−1. The signals of
target and IS did not disturb each other (Fig. 5B). The Raman peaks of
R6 G were almost invisible in the absence of substrates, while the
presence of 1LG@1LG-MBA led to obvious Raman response due to the
chemical enhancement from GERS. However, 1LG@1LG-MBA floated
on 1mM R6G showed much weaker SERS signals of R6G than GAGD
(Fig. 5B), which indicated the contribution of AuNSs on SERS signals
due to their electromagnetic enhancement. Moreover, the fluorescent

background of R6G did not affect its Raman response due to the pre-
sence of graphene inside GAGD, which can generally quench the
fluorescence through energy transfer. At high concentrations of Na+,
the GAGD showed clear SERS peaks of target (Fig. S12), indicating it
was suitable to high-salt environment. This feature was obviously su-
perior to pure AuNSs as SERS substrate, which produced serious sedi-
mentation at high salt concentrations and thus led to the invisibility of
SERS peaks (Fig. S12). In addition, the GAGD could be regenerated by a
simple washing step, which did not show remarkable change of SERS
signal after it was reused for five cycles (Fig. S13) due to the assistance
of 1LG as a protective barrier and its freestanding character.

With the increasing R6 G concentration, its SERS peak intensity
increased, while the intensity of MBA showed ignorable change
(Fig. 5C). The relative intensity of R6 G at 1508 cm−1 to MBA as the IS
at 1075 cm−1 perfectly followed the Langmuir-type relativity
(R2=0.9910) due to the adsorption of R6 G on 1LG surface of the
GAGD. A linear plot could be observed in the range of 0–8.0 μM
(R2=0.9950) (Fig. 5D). Obviously, the plot of raw SERS intensity of
R6 G vs its concentration showed poor correlation with larger error bars
(Fig. S14), indicating that the presence of IS greatly improved the
quantitative ability.

The mechanism for efficient IS-calibration was investigated by
building a model with FDTD method under 633 and 785 nm excitation
(Fig. S15). Since the Raman cross-section enhancement is proportional
to the fourth power of the field enhancement (|E|4), it was clear that the
hot spots were produced from the sharp tips of AuNSs, which located at

Fig. 3. SERS spectra of (A) GAGD with and without IS excited at 633 nm and (B) GAGD excited at 633 and 785 nm with exposure time of 10 s. The black triangles and
asterisks marked characteristic peaks from IS and 1LG, respectively. (C) SERS spectra of GAGD and (D) peak intensities at 1075 cm−1 at 12 randomly selected spots in
160 μm×120 μm area with exposure time of 10 s. (E) SERS spectra of GAGD and (F) peak intensities at 1075 cm−1 in continuous laser irradiation for 600 s with the
measurement time of 1 s and interval of 10 s at one spot. Laser power: 5.0 mW at 633 nm for (C)–(F).
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Fig. 4. SERS spectra of GAGDs with marked IS at exposure time of 10 s under laser power of (A, B and C) 5.0 mW at 633 nm and (D) 50mW at 785 nm.

Fig. 5. (A) Optical image of GAGD floated on R6 G solution.
Scale bar: 5 mm. (B) Raman spectrum of 1mM R6 G (a), and
SERS spectra of 1LG@1LG-MBA (b) and GAGD (c) floated on
1mM R6G solution. The black triangles and red inverted tri-
angles marked characteristic peaks from IS and R6 G, respec-
tively. (C) SERS spectra of GAGD floated on 0, 1.0, 2.0, 5.0,
10, 50 and 100 μM R6G (a–g) and (D) plot of relative SERS
intensity vs R6 G concentration. (E) SERS spectra of GAGD
floated on 0, 0.2, 0.3, 0.5, 0.7, 1.0, 3.0 and 5.0 μM BR9 (a–h)
and (F) plot of relative SERS intensity vs BR9 concentration.
The peaks used in quantification were marked in (C) and (E).
All SERS spectra are measured with exposure time of 10 s
under laser power of 5.0 mW at 633 nm. The error bars are
from 10 and 5 measurements with different GAGDs for R6D
and BR9, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.)
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both upper surface (IS location) and lower surface (target location)
across the 1LG (Figs. S15A and S15B). Therefore, the target and IS can
both enjoyed the SERS environment on GAGD surface due to the ver-
tical irradiation of the laser on GAGD, and the SERS signal of IS can be
used to correct for effects such as the instrumental factors and differ-
ences in focus due to substrate morphology [12]. Furthermore, the
electromagnetic hot spots on upper and lower surface of GAGD could
permeate the 1LG and showed stronger electromagnetic enhancement
value of |E|4 (Table S1) (Figs. S15C and S15D), which implied the
contribution of 1LG to Raman enhancement and realization of hot
surface at atomically flat level [5].

In addition, when the IS was directly loaded on AuNS surface, the
formed 1LG@AuNS-MBA@1LG nanoarchitecture expressed relatively
inferior uniformity of IS signal (RSD=15.3%, Fig. S16A), compared
with the GAGD (Fig. 3D), and the linear relativity was also worse
(R2=0.9720, Fig. S16B). Thus the superior quantitative ability also
resulted from the presence of 1LG for even dispersion of target and IS
on the surface.

3.5. SERS quantitation of target in liquid sample

The quantitative detection capability for liquid sample was de-
monstrated by analyzing the water contaminant BR9, a carcinogenic
dyestuff forbidden in textile industry. Similarly, the BR9 aqueous so-
lution showed the SERS characteristic peaks of BR9 at 830, 915, 1175,
1292, 1380, 1530 and 1613 cm−1 (Fig. 5E) [4]. The plot of relative
intensity of the peak at 915 cm−1 to IS at 1075 cm−1 also perfectly
followed the Langmuir-type relativity (R2=0.9930) and a linear plot
could be observed in the range of 0 to 0.7 μM (R2=0.9906). This
provided a quantitative method for convenient rapid detection of BR9

with a linear calibration and a limit of detection (LOD) of 79 nM at 3
times standard deviation of blank signal (Fig. 5F), which were much
lower than the detection limit of international OEKO-TEX® Standard
100 of BR9. The detection could be completed within 1min, indicating
the potential of the GAGD in fast detection.

3.6. In situ SERS imaging of target distribution on solid surface

The 2D nanoarchitecture also showed superior in situ SERS imaging
performance of real solid sample. Due to the excellent flexibility and
ultra-thin thickness of the GAGD, it could be easily attached on solid
surface for imaging the distribution of target on sample surface
(Fig. 6A). As a proof-of-concept, this protocol was used for fungicide
residue imaging on apple surface. Using thiabendazole, an extensively
used fungicide in agriculture [35], as a target model, the apple samples
were firstly immersed into 200 or 1000 ppm thiabendazole, which si-
mulated actual situation for sterilization treatments in agriculture.
Considering the strong self-fluorescence of plant tissue excited under
633 nm, a laser of 785 nm was used for SERS measurements, at which
the thiabendazole showed the Raman peaks at 1156, 1279, 1460 and
1595 cm−1 (Fig. 6B). The GAGD attached on thiabendazole treated
apple also showed these characteristic peaks, while these peaks were
not observed in the absence of GAGD (Fig. 6C). Using the SERS peak at
1274 cm−1 to collect the imaging data of thiabendazole and the SERS
peak of IS at 1075 cm−1 as calibration, the SERS imaging of the treated
apple showed the clear surface distribution of thiabendazole (Fig. 6D).
The signals were related to the distributed amount of thiabendazole on
apple surface. The apple treated with 200 ppm thiabendazole showed
lower signals (Fig. 6E). Upon a vibration washing step with 10mg/mL
NaHCO3 solution for 150 s [36], these signals almost disappeared,

Fig. 6. (A) Optical image of GAGD attached on apple surface.
Scale bar: 10mm. (B) Raman spectrum of pure thiabendazole.
(C) Raman (a) and SERS (b) spectra, and (D) SERS imaging of
apple surface treated with 1000 ppm thiabendazole (The op-
tical image of imaging area was marked by white frame). (E,F)
SERS imaging of the apple treated with 200 ppm thiabenda-
zole (E) before and (F) after vibration washing with 10mg/mL
NaHCO3 solution for 150 s. Black triangles and red inverted
triangles in (C) marked characteristic peaks from IS and
thiabendazole, respectively. All spectra are measured with
exposure time of 1 s under laser power of 50mW at 785 nm,
and imaging data are collected with signal to baseline map
review mode from 1035 cm−1 to 1105 cm−1 for IS and 1250
cm−1 to 1310 cm−1 for thiabendazole. (For interpretation of
the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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indicating effective removing of thiabendazole (Fig. 6F). Interestingly,
the quality of SERS imaging obviously depended on the IS calibration.
The imaging without IS calibration showed relatively dispersive and
messy information (Fig. S17). This resulted from the highly uneven
surface of apple (Fig. S18), which could not provide a constant focal
position for SERS measurements and thus eventually disturbed the
signal collection. The ultra-thin GAGD structure along with the IS ca-
libration effectively eliminated the influence of uneven surface on
surface imaging. In addition, the imaging measurement could be com-
pleted within 1 h. These performance manifested that GAGD was a
powerful tool for fast in situ SERS imaging analysis.

4. Conclusion

This work designs a self-calibrated 2D nanoarchitecture as a sensing
device for SERS quantitation and imaging. This device can be re-
producibly fabricated with AuNSs and two pieces of commercial 1LG Cu
foils, which implants IS onto one side of the device and detects the
target on the opposite side. The AuNS monolayer leads to highly sen-
sitive SERS signals, and the presence 1LG assures the stable and re-
producible SERS signals. Moreover, the separation of IS and target on
two sides of the GAGD avoids the competition of IS with target mole-
cules to the surface adsorption sites. Thus, the distinct SERS signals
from both IS and target in/on the sample can be easily collected for
reliable quantification and imaging. The ultra-thin structure and ex-
cellent flexibility make it applicable to arbitrary target detection by
conveniently floating on solution or covering on solid surface for con-
venient SERS measurements without any pretreatment. Considering the
outstanding stability, reusability, durability and the flexibility in
choosing inner IS and SERS substrate, this nanoarchitecture provides a
powerful tool for fast and portable SERS quantitative and imaging
analysis of a wide variety of samples. This strategy can also be extended
to construct wearable sensing device for future analytical studies,
especially point-of-care testing (POCT).
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