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HIGHLIGHTS GRAPHICAL ABSTRACT

e Large-scale and cost-effective fabrica-
tion method to prepare flexible and
transparent SERS  substrates was
proposed.

e The thin, free-standing SERS substrate
consists of ALNHS decorated PDMS film.

e The ALNHS induced plentiful multiple-
type hot spots.

e The excellent SERS performance of the
ALNHS@PDMS film was demonstrated.

e In situ detection of malachite green on
apple and tomato skin was readily per-
formed with a portable Raman
spectrometer.
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ARTICLE INFO ABSTRACT
Keywords: Flexible and transparent surface-enhanced Raman scattering (SERS) substrates have attracted much attention as
SERS a fast, sensitive and in situ detection platform for practical applications. However, the large-area fabrication of

thin PDMS films

Ag hierarchical structures
Pesticides

In situ detection

flexible and transparent SERS substrates with high performance is still challenging. Here, a flexible and trans-
parent SERS substrate based on large-area thin PDMS film decorated with Ag microlabyrinth/nanoparticles hi-
erarchical structures (denoted as ALNHS@PDMS) is fabricated by using the floating-on-water method and
magnetron sputtering technology. By optimizing the sputtering time, the ALNHS with multiple hot spots are
uniformly distributed on the PDMS surface. Based on characterizing the rhodamine 6G (R6G) with a portable
Raman spectrometer, the optimal ALNHS@PDMS film exhibits a high enhancement factor (5.2 x 106), excellent
uniformity and reproducibility, as well as superior mechanical stability. In addition, thanks to the good sticky
feature and bi-directional activation property of the thin ALNHS@PDMS film, the prepared flexible and trans-
parent SERS substrate can achieve in situ detection of malachite green residues (10 M) on apple and tomato
skins. This large-area, thin, mechanically robust, flexible and transparent ALNHS@PDMS film, integrated with a
portable Raman spectrometer, shows great potential for point-of-care testing (POCT) in practical applications.
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1. Introduction

Surface-enhanced Raman scattering (SERS) provides a label-free,
rapid, and sensitive detection technology for trace biochemical analy-
tes in various fields [1-8]. It is now generally accepted that the signif-
icantly amplified Raman signals of molecules mainly depend on
electromagnetic enhancement, and it especially occurs at the sharp tips
or nanogaps of metallic nanostructures (so called “hot spots™) [9-11].
Thus, engineering uniform and dense hot spots in plasmonic nano-
structures is a prerequisite for high-performance SERS substrates
[12,13]. Traditional SERS substrates usually utilize brittle and/or rigid
substrates as supporting materials of metallic nanostructures [14-16].
Although highly sensitive and reproducible detection can be achieved,
the rigid SERS substrates are not suitable for direct detection of analytes
adsorbed on curved surfaces due to the lack of flexibility, limiting their
point-of-care testing (POCT) applications [17,18].

Currently, flexible SERS substrates have received great attention for
POCT applications because they can quickly collect and detect analytes
on nonplanar surfaces [19]. To date, soft materials such as papers
[20-22], polymer films [23,24], textile fabrics [25,26], and tapes
[27,28] have been used to fabricate flexible SERS substrates. The ma-
terial flexibility enables conformal contact between SERS substrates and
irregular object surfaces and allows for the quick, effective, and non-
destructive detection [29,30]. Especially, the flexible and transparent
polymer films, e.g., poly (methyl methacrylate) (PMMA) [31], poly
(vinylidene fluoride) (PVDF) [32], polydimethylsiloxane (PDMS) [33],
polyethylene terephthalate (PET) [34], and poly-(vinyl chloride) (PVC)
[35], have been considered as better alternatives. The combination of
flexibility and transparency endows the adaptability of SERS substrates
for nonplanar surfaces and enables the in situ detection [36]. In this
regard, these flexible and transparent SERS substrates combined with
portable Raman analyzers can provide tremendous convenience in on-
site, real-time monitoring of targeted analytes in real-word objects
[18]. As a result, constructing flexible and transparent SERS substrates
with high performance is of paramount importance for POCT
applications.

PDMS is one of the most widely used polymer materials for preparing
flexible and transparent SERS substrates, due to its advantages of high
transparency, good tensile strength, and inert and nontoxic properties
[37]. There have been some methods for preparation of PDMS-based
SERS substrates, such as in situ synthesis [38,39], self-assembly
[40,41] and seeding deposition [42]. However, these strategies are
time-consuming and complex, and suffer from large-area fabrication,
such that high-throughput production of SERS substrates cannot be
achieved. Thus, it is highly desirable to develop a methodology for low-
cost fabrication of flexible SERS substrates with batch-to-batch consis-
tency and large-scale production. In this respect, magnetron sputtering
is a more ideal technique for fabricating large-area SERS substrates
[33,43,44], as it allows for rapid fabrication of uniform and controllable
plasmonic nanostructures with excellent reproducibility [45]. Besides,
for highly sensitive in situ detection, two challenges still need to be
overcome. Firstly, there is a requirement for constructing plenty of hot
spots on the top of the PDMS film for better accessibility to target ana-
lytes. Secondly, the thickness of the PDMS film should be thin for
achieving conformal coverage on complex, irregular target surfaces.
Therefore, it is essential to develop a facile, yet efficient approach to
fabricate large-area, flexible and transparent SERS substrate which can
generate high-density and highly accessible hot spots on the top surface
of thin supporting substrates.

Here, to address the above issues, we present a facile strategy to
fabricate high- performance SERS substrates with excellent flexibility
and optical transparency. More importantly, the large-area, thin, free-
standing SERS substrate can be prepared in a reliable and reproduc-
ible manner. The flexible and transparent SERS substrate consists of Ag
microlabyrinth/nanoparticles hierarchical structures (ALNHS) on a thin
PDMS film, which is denoted as ALNHS@PDMS film. Taking advantages
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of the extremely flat surface of water, the large-scale, thin PDMS film
was fabricated by the floating-on-water method. The highly uniformly
distributed ALNHS was successfully coated on the PDMS film through
magnetron sputtering technology. By optimizing the sputtering time, the
optimal ALNHS@PDMS film with a total thickness of ~ 100 pm dem-
onstrates high sensitivity, superior uniformity and reproducibility, as
well as excellent mechanical stability and storage stability. Because of
plenty of SERS hot spots resulting from multiple plasmon couplings in
the ALNHS and thin thickness of the PDMS film, the ALNHS@PDMS film
realizes in situ detection with a limit of detection of 10°® M for malachite
green on the contaminated apple and tomato skin. It is also worth noting
that the as-prepared flexible ALNHS@PDMS film with high perfor-
mance, in combination with a portable Raman analyzer, can meet the
on-site, real-time detection requirement in POCT applications.

2. Materials and methods
2.1. Materials

Silver target (purity: 99.999%) was purchased from Zhongnuo
Advanced Material Technology Co., Ltd. Polydimethylsiloxane (PDMS)
was bought from Hangzhou Jingbo Technology Co., Ltd. Rhodamine 6G
(R6G) was purchased from Sigma-Aldrich. Crystal violet (CV) and
malachite green (MG) were obtained from Aladdin Reagent (Shanghai)
Co., Ltd. Deionized (DI) water was used to prepare aqueous solutions.

2.2. Preparation of large-area ALNHS@PDMS thin film

The fabrication process of large-area ALNHS@PDMS thin film is
illustrated in Scheme 1. Firstly, the large-area PDMS thin film was pre-
pared through a floating-on-water method [46]. The PDMS base and the
curing agent at a weight ratio of 10:1 were mixed by mechanical
agitation for 20 min. The mixed solution was then placed in a vac-
uum drying oven for 30 min to remove bubbles and poured onto the
deionized water in a petri dish with a diameter of 10 cm. Since the
mixture is immiscible with water and its density is smaller than that of
water, the mixture floated and spread on the water surface. After curing
at room temperature for one day, crosslinking reaction of base and
curing agent had finished, and a large-area and flat PDMS film with a
thickness of ~ 100 pm was picked up from the water surface using a
polypropylene hollow ring, which can avoid plastic deformation of the
PDMS film to ensure the film flatness. To remove the water from the
PDMS surface, the film was cured at 55 °C for 3 h.

Secondly, the as-prepared PDMS film was decorated with ALNHS
using a magnetron sputtering apparatus (TRP450, SKY Technology
Development Co., Ltd, China). During the deposition process, the DC
power, base, and working pressure were 20 W, 5.0 x 10’4, and 0.8 Pa,
respectively. In addition, the sample holder was rotated at a speed of 10
rpm. The deposition times were set as 40, 45 and 50 s.

2.3. Characterizations

The as-prepared SERS substrates were characterized by atomic force
microscopy (AFM, Bruke Icon), scanning electron microscopy (SEM,
Apero S HiVac), and UV — vis spectroscopy (Hitachi U-3310, Japan).
The surface hydrophilicity of the pure PDMS film and the flexible SERS
substrate was measured using a contact angle meter (Kruss DSA25S,
Germany). The SERS spectra were collected at room temperature using a
smartphone-based Raman analyzer (ATR6500, Optosky photo-
electric Co., Ltd., China) with a laser of 785 nm (20 mW power) and
acquisition time of 10 s. The SERS mappings were measured using the
Renishaw inVia Raman system with a laser of 785 nm (100% power) and
acquisition time of 2 s.
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2.4. SERS measurements

To evaluate the SERS activity of ALNHS@PDMS substrates, R6G,
MG, and CV were selected as reported molecules and dissolved in DI
water for preparing aqueous solutions of different concentrations. 5 pL
of their aqueous solutions were dropped on the SERS substrate and dried
naturally. SERS measurements were performed using a portable Raman
analyzer. For in situ detection of pesticide residues, 20 pL of MG solution
with different concentrations was dropped on the apple and tomato
surfaces and dried in air. Then, the ALNHS@PDMS film was placed on
the pesticide-contaminated skin with ALNHS facing the target surface
for direct SERS measurement using a portable Raman spectrometer
(Scheme 1).

3. Results and discussion

3.1. Fabrication and characterization of large-area ALNHS@PDMS thin
film

To achieve ultrasensitive in situ detection, the accessibility between
plasmonic nanostructures and object surfaces is a critical factor. Thus, it
is necessary to reduce the flexible film thickness to obtain good
conformal contact. Although the spin-coating method can fabricate
PDMS films with thickness down to several micrometers, their strong
interaction with underlying substrates makes them difficult to realize
large-area damage-free transfer. Thus, this method is not available for
easily preparing thin PDMS film across a large area. Herein, a large-area
PDMS thin film is prepared by the floating-on-water method utilizing the
immiscibility between PDMS solution and water. After curing, the large-
area thin PDMS film can be readily peeled off from the water, and the as-
fabricated PDMS film has a large area of ~ 41 cm? (left panel of Fig. 1a).
It can be seen that the blank PDMS film exhibits high transparency as the
LCU letters on the paper under the PDMS film can be clearly seen.
After Ag coating, the color of the pure PDMS film changes from white to
brown or gray at different viewing angles, as shown in the right panel of
Fig. 1a. The uniform color and luster indicate that the PDMS film has
been successfully embellished with a homogeneous Ag layer. Addition-
ally, it demonstrates that the Ag-coated PDMS film exhibits high -
transparency. The excellent flexibility of the Ag-coated PDMS film can
be confirmed by folding it into different shapes, as shown in Fig. 1b-d.

PDMS thin film
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Therefore, the above results reveal that the large-area Ag-coated PDMS
film with excellent transparency and flexibility can be easily fabricated
by combination of the floating-on-water method and magnetron sput-
tering technology.

To investigate the morphologies of Ag-coated PDMS films under
different deposition times varying from 40 to 50 s with an interval of 5 s,
the SEM images of Ag-coated PDMS films are exhibited in Fig. 2a-c. It
can be clearly observed that the randomly oriented wrinkles were pro-
duced in all PDMS-supported Ag films, forming labyrinth pattern. From
the corresponding AFM images in Fig. 2d-f, it can be seen that all three
wrinkles are large labyrinth-like patterns with small nanoparticle
structures. The wrinkle wavelength and amplitude increase with
increasing deposition time, which is in accordance with previous reports
[47]. In addition, elliptical Ag NPs are formed on PDMS film surface due
to the Volmer-Weber (VW) growth. At a low deposition time (40 s), the
Ag NPs were able to nucleate and grow. With increasing deposition time
(45 s), the average size of Ag NPs increased and the gap between
neighboring particles decreased, leading to high-density hot spots in the
Ag film. For a larger deposition time (50 s), the coalescence between
adjacent Ag NPs reduces the number of gaps. The as-fabricated flexible
SERS substrate with 40, 45, and 50 s sputtering time were denoted as
ALNHS-40@PDMS, ALNHS-45@PDMS, and ALNHS-50@PDMS,
respectively. These SERS-active ALNHS are highly suitable for con-
structing hot spots with improved intensity and high density over the
whole surface resulting from localized surface plasmon resonance
(LSPR) through interparticle interactions.

The total thickness of ALNHS-45@PDMS film is ~ 100 pm, as
depicted in Fig. 3a, which can enable conformal contact with the object
surface for closer accessibility to the analytes. The UV — vis spectrum in
Fig. 3b shows that a broad band from 500 to 800 nm, which might be
due to the strong plasmonic coupling between neighboring Ag NPs and/
or nanoparticle-film interactions. Therefore, the ALNHS-45@PDMS
substrate could offer abundant hot spots and strong electromagnetic
field enhancement. The energy-dispersive spectroscopy (EDS) spectra of
the ALNHS-45@PDMS film is illustrated in Fig. 3c. Apart from the
characteristic peaks of Si, O and C elements from the PDMS film and Pt
element from a Pt thin layer sputtered onto the sample, the strong peak
of the Ag element can be observed in the EDS spectra, which indicates
that the Ag layer were coated on the surface of PDMS film. The distri-
bution of Ag NPs on the surface of the PDMS film was investigated by

Ag micrnlah)‘rintil/nanopnrticlcs@ PDMS

/ substrate
% Cast PDMS

Scheme 1. Preparation process of the Ag microlabyrinth/nanoparticles coated large-area thin PDMS film, and the corresponding POCT analysis of pesticide residues

on the agricultural product using a portable Raman analyzer.
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Fig. 1. (a) Photographs of the as-fabricated thin PDMS film using the floating-on-water method (left) and the PDMS film after Ag coating (right) placed on the paper
printed with letters of LCU, (b-d) Photographic images of the Ag-coated PDMS film for a sputtering time of 45 s under bending and folding states.
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Fig. 2. SEM images of the Ag-coated PDMS film with the deposition time of (a) 40 s, (b) 45 s, (c) 50 s. (d-f) AFM images of Ag-coated PDMS film for deposition time

of 40, 45, and 50 s, respectively.

EDS mapping, as shown in Fig. 3d. The figure shows that the Ag NPs are
homogeneously distributed on the PDMS surface. These results clearly
confirm the successful deposition of homogeneous Ag layer on the PDMS
film. The wettability of the ALNHS-45@PDMS film was investigated by
the water contact angle (WCA) measurement. Compared with the WCA
(~107°) of the pure PDMS film (Fig. 3e), the WCA (~110°) of the
ALNHS-45@PDMS film is slightly larger (Fig. 3f), which can aggregate
analytes to improve the SERS sensitivity [48].

3.2. SERS performance of ALNHS@PDMS films

To evaluate the SERS performance of the ALNHS@PDMS films
fabricated with different sputtering times, R6G was chosen as the probe
molecule. The SERS spectra of 10° M R6G collected on the different

ALNHS@PDMS films are shown in Fig. 4a. For all of the flexible SERS
substrates, the characteristic bands of R6G at 612, 774, 1183, 1315,
1362, and 1510 cm ™! are clearly observed, which are in accordance with
the previous report [49]. In addition, one can see that the difference in
Raman signal intensities of R6G on different SERS substrates is very
obvious. The Raman intensity at 1510 cm™! versus sputtering time is
shown in the inset of Fig. 4a. It clearly reveals that the strongest Raman
signal is obtained on the ALNHS-45@PDMS film. This result suggests
that ALNHS-45@PDMS film is the optimal flexible SERS substrate in this
series of samples, and thus it is used in the subsequent SERS
measurements.

The sensitivity of the ALNHS-45@PDMS film was investigated by
Raman spectra analysis of R6G solution with various concentrations.
Fig. 4b displays the SERS spectra of R6G with different concentrations
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Fig. 3. (a) The cross-sectional view SEM image and (b) UV-vis spectrum of ALNHS-45@PDMS film. (c) The EDS spectra and (d) EDS mapping of the ALNHS-
45@PDMS film. Contact angles of a water droplet on the surface of (e) the pure PDMS film and (f) the ALNHS-45@PDMS film.

adsorbed on the flexible ALNHS-45@PDMS film. It can be seen that the
SERS intensity gradually decreases with a decrease in R6G concentra-
tion. The characteristic Raman peaks of R6G at concentration as low as
107 M can be still identified and distinguished, indicating that the
ALNHS-45@PDMS film has high SERS activity. In addition, the cali-
bration curve of Raman intensity at 1510 cm™! versus logarithmic
concentration in the range of 1073-1077 M shows a good linear rela-
tionship (R2 = 0.992), as shown in Fig. 4c, indicating that the ALNHS-
45@PDMS film enables quantitative analysis capability. To further
evaluate the SERS performance of the ALNHS-45@PDMS film, its
enhancement factor (EF) was calculated according to the following
formula: EF=(Isgrs/Csgrs)/(INr/Cnr) [50]. Here, Isgrs and Ing are peak
intensities in the SERS spectrum and the normal Raman spectrum,
respectively; Csgrs and Cyg are the respective probe concentrations in
the SERS and the normal Raman measurement. As shown in Fig. 4d,
when the R6G solution (101 M) was dropped onto the pure PDMS film,
the peak intensity at 1510 cm ™ is very low (800 a.u.). In contrast to the
pure PDMS film, the SERS intensity of R6G solution (107 M) on the
ALNHS-45@PDMS film is significantly enhanced and reaches 4191 a.u.
The EF for the intense peaks of R6G at 1510 cm ™! was thus calculated to

be 5.2 x 108, revealing an excellent SERS enhancement of the ALNHS-
45@PDMS film. The high sensitivity of the ALNHS-45@PDMS film can
be mainly attributed to the existence of high-density hot spots resulting
from multiple plasmon couplings on the substrate. The hot spots can be
generated in between the adjacent Ag NPs on a single microlabyrinth
(Type A) and in close microlabyrinths due to interparticle plasmon
coupling (Type B).

3.3. Uniformity and reproducibility of the ALNHS-45@PDMS film

Uniformity and reproducibility are two important factors for reliable
quantitative SERS analysis in actual applications. To investigate the
uniformity of the ALNHS-45@PDMS film, 5 pL of 10> M R6G solution
was dropped onto 10 different locations at the center, middle and edge
of the ALNHS-45@PDMS film. In each location, ten SERS measurements
were carried out. Fig. 5a shows the SERS spectra of R6G collected at 100
randomly selected spots on the ALNHS-45@PDMS film. One can see that
the line shapes and intensities of the Raman bands were fair-
ly consistent. The relative standard deviation (RSD) value of the in-
tensity at 1510 cm ™ was calculated to 7.99%, as demonstrated in
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Fig. 4. (a) SERS spectra of 10> M R6G collected on the ALNHS@PDMS films with different sputtering times. The inset shows the SERS intensity at 1510 cm ™! as a
function of sputtering time. (b) SERS spectra of R6G molecules from 10 to 10”7 M on the ALNHS-45@PDMS film. (c) Plot of Raman intensity at 1510 cm ™! versus the
logarithm of R6G concentrations. (d) SERS spectra of 107 M R6G on the ALNHS-45@PDMS film and Raman spectrum of 10" M R6G on the pure PDMS film.
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Fig. 5b, indicating that the ALNHS-45@PDMS film possesses good uni-
formity. The SERS mapping measurements of two 36 pm x 36 pm re-
gions were also implemented to evaluate the signal homogeneity of the
ALNHS-45@PDMS film, as depicted in Fig. 5c, d. The corresponding RSD
values of the peak intensity at 1510 cm ™! were 6.78% and 5.88%, which
further demonstrates the remarkable uniformity of the ALNHS-
45@PDMS film. In order to assess batch-to-batch reproducibility, we
collected SERS spectra of R6G from five different batches under the same
measurement condition. For each substrate, five random sites were
measured, and the SERS spectra of R6G are shown in Fig. 5e. It is
obvious that the SERS signals were highly reproducible from batch to
batch by comparing the intensity and shape of the Raman peaks. The
RSD value for the peak at 1510 cm™! is 3.46%, as shown in Fig. 5f,
indicating excellent batch-to-batch reproducibility of the ALNHS-
45@PDMS films. These results clearly confirm that the ALNHS-
45@PDMS films have high uniformity and excellent reproducibility,
which may be attributed to high-density hot spots induced by ALNHS
and the fabrication process repeatability.

3.4. Mechanical stability of the flexible ALNHS-45@PDMS film

To achieve non-destructive detection of contaminants on nonplanar
surfaces in practical applications, the mechanical durability of flexible
SERS substrates is profoundly important. Hence, it is necessary to study
the influence of mechanical stimuli on the SERS activity of flexible SERS
substrates. Here, the mechanical property of the flexible ALNHS-
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45@PDMS film was assessed by conducting bending and twisting test,
in which the substrates were bent in half and twisted to ~180° for 100
cycles. The SERS spectra of R6G (10~> M) was recorded for every 10
mechanical deformations, as shown in the insets of Fig. 6a, c. After
bending and torsion of 100 cycles, the SERS intensity of R6G at peak
1510 cm ™! shows no significant change, as demonstrated in Fig. 6b, d.
The mechanical stability of flexible ALNHS-45@PDMS film could be
attributed to the good flexibility of the substrate as shown in Fig. 1b-
d and well adhesion between the ALNHS and the PDMS film. The SEM
images of flexible ALNHS-45@PDMS films confirm that the plasmonic
structures were well maintained after 100 cycles of bending and
twisting, as demonstrated in the insets of Fig. 6b, d. These results
demonstrate that the flexible ALNHS-45@PDMS film has the robust
adhesion between the plasmonic ALNHS and the thin PDMS film.
Additionally, the scotch-tape peel test was also carried out to investigate
the adhesion between them. Fig. 6e shows the SERS spectra of 10° M
R6G on the flexible ALNHS-45@PDMS film after peel tests. After
repeated three peel tests, the flexible ALNHS-45@PDMS film still
maintains the stable SERS intensity of R6G at 1510 cm™'. The SEM
image of the surface morphology of the flexible ALNHS-45@PDMS film
(inset of Fig. 6f) indicates that there was no loss of plasmonic structures
after the scotch tape tests, evidencing the good adhesion between the
ALNHS and the PDMS films. These results indicate that the flexible
ALNHS-45@PDMS film has good mechanical durability, meeting the -
demanding performance needs of the flexible SERS substrate for in situ
detection of pollutants on curved substrates.

Fig. 6. (a) SERS spectra of 10°> M R6G and
(b) corresponding signal intensity at 1510
em™! after bending the flexible ALNHS-
45@PDMS substrate in 100 cycles. (c) SERS
spectra of 10° M R6G and (d) corresponding
signal intensity at 1510 cm™' after twisting
the flexible ALNHS-45@PDMS substrate in
100 cycles. (e) SERS spectra of 10° M R6G
and (f) corresponding signal intensity at
1510 cm ™! during adhesion test. The insets in
(b), (d), and (f) show SEM images of ALNHS-
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3.5. Storage stability of the ALNHS-45@PDMS film

The stability of SERS substrates against storing time also needs to be
considered for practical application in routine analysis. The storage
stability of the flexible ALNHS-45@PDMS film over time was tested
under open air and protected condition. As illustrated in Fig. 7a, the
SERS intensity of R6G at 1510 cm™! recorded from the ALNHS-
45@PDMS film stored in air condition reduced by 6.8% after 21 days.
In contrast, the SERS intensity of R6G at 1510 cm™! on the ALNHS-
45@PDMS film protected with a cling film attenuated by 5.4% after
21 days (Fig. 7b). The above results demonstrate that the flexible
ALNHS-45@PDMS film demonstrates good reliability, and the cling film
as a protective barrier can improve storage stability to a certain extent.

3.6. Comparison of SERS activity under different irradiation modes

To achieve in situ detection, exciting and collecting the SERS signal
from the back side of the transparent and flexible substrate should be
guaranteed. To this end, the estimation of the bidirection-activatable
property for the ALNHS-45@PDMS film was investigated through two
different measurement modes, e.g. front-side mode and back-side mode,
as shown in Fig. 8a, b. Two different measurement modes of MG and CV
solutions with various concentrations were conducted on the as-
prepared transparent and flexible SERS substrates, and the obtained
SERS spectra are depicted in Fig. 8c, d. The typical peaks of MG and CV
are consistent with previous papers [51-53]. It can be seen that the peak
intensities of MG and CV obtained from both sides of the ALNHS-
45@PDMS film were almost the same, demonstrating that the as-
prepared ALNHS-45@PDMS films possess in situ detection capability.

3.7. In situ detection of MG on apple and tomato skin

Due to the excellent flexibility, good transparency and bi-directio-
nal activation property, it is expected that the ALNHS-45@PDMS film
could serve as a high-quality flexible and transparent SERS substrate for
rapid, in situ detection of contaminants on curved surfaces. To validate
this concept, the MG solutions with different concentrations were
dropped onto the apple and tomato peels, and then completely dried at
room temperature to simulate the actual scene. After that, we covered a
small piece of the as-prepared flexible SERS substrate on them with
ALNHS facing the contaminated skin, and then collected SERS signals
from the backside of the ALNHS-45@PDMS films via a portable Raman
spectrometer, as shown in Fig. 9a, d. Since the total thickness of the
ALNHS-45@PDMS film is thin, the flexible SERS substrate can provide
conformal contacts with the surface of objects with no further supports,
which enables the close proximity between hot spots and analytes, and
therefore gives rise to a high SERS enhancement. Fig. 9b, e present the
SERS spectra of MG solutions with concentrations in the range of 1072 to
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10°% M on the apple and tomato surfaces, respectively. The characteristic
band of the MG solution with the concentration as low as 10°® M can still
be clearly identified, demonstrating that the ALNHS-45@PDMS film can
act as a flexible and transparent SERS substrate with highly sensitive
sensing capability for in situ detection. This significant amplification of
Raman signals may be attributed to the close contact between the
ALNHS with abundantly available SERS hot spots and MG molecules on
the contaminated surface. The corresponding peak intensity of MG at
1616 cm™! versus the logarithmic concentration of MG displays an
excellent linear correlation with respective R? = 0.993 and R? = 0.992,
as shown in Fig. 9¢, f. The good linear correlation guarantees the suit-
ability of ALNHS-45@PDMS film in quantitative determination for in
situ contamination detection. The above results demonstrate that the as-
prepared ALNHS-45@PDMS film, integrated with a portable Raman
spectrometer, provides a good sensing ability for in situ detection and
can be readily adopted for real-world applications.

4. Conclusion

In summary, a large-area, free-standing, flexible and transparent
SERS substrate was prepared by using the floating-on-water method and
magnetron sputtering technology. The as-prepared flexible and trans-
parent SERS substrate consists of Ag microlabyrinth/nanoparticles hi-
erarchical structures and large-area thin PDMS film. The optimized
ALNHS@PDMS SERS substrate with plentiful multiple-type hot spots
provided high sensitivity, good uniformity, superior batch-to-batch
reproducibility, excellent mechanical stability and long-term stability.
The enhancement effect of the ALNHS@PDMS film in both front-side
and back-side measurement modes was also demonstrated. The rapid
in situ detection ability of this SERS substrate was validated via the
direct detection of MG at the level of 10°® M on apple and tomato skin by
a portable Raman spectrometer. In view of its high sensitivity, superior
reproducibility, excellent mechanical stability, in situ detection capa-
bility as well as the facile route for large-scale preparation, the
ALNHS@PDMS film integrated with a portable Raman spectrometer
holds great potentials in POCT applications for rapid, real-time, and on-
site detection.
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