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Abstract

Flexible Raman-enhanced substrates possess the advantages of good adsorbability and extensibility, which are particularly
beneficial for the effective analyses of target molecules on complex or irregular surfaces. Here, we reported a large-scale,
flexible and transparent surface-enhanced Raman scattering (SERS) substrate. This Ag NWs/M-CDG/PDMS substrate was
composed of a modified compact disc grating polydimethylsiloxane (M-CDG/PDMS) film decorated with silver nanowires
(Ag NWs) through a self-assembly process. The surface of the grating PDMS film was modified with 3-aminopropyl-
triethoxysilane (APTES) to create a hydrophilic layer. The contact angle of the APTES-modified PDMS film decreased
from 105° to 66°, indicating improved hydrophilicity compared to the unmodified film. Thiram was chosen as a probe
molecule to evaluate the SERS performance of the prepared substrates. It was found that the substrate displayed high
SERS sensitivity with a detection limit for thiram as low as 10~ M, and good uniformity, evidenced by RSD (relative
standard deviation) values of 8.7% and 9.9%. Moreover, the fabricated substrate showed good mechanical stability and
SERS enhancement effects even under backlight illumination, making it suitable for in-situ SERS detection on curved
surfaces. The Ag NWs/M-CDG/PDMS flexible substrate also demonstrated the advantages of anti-corrosion, mixed detec-
tion capabilities, a wide operating temperature range, and the ability to perform vapor phase detection. In summary, the
developed Ag NWs/M-CDG/PDMS substrate had great potential for practical applications in detection technologies.

Keywords Surface-enhanced Raman scattering - Patterned PDMS film - Silver nanowires (Ag NWs) - Self-assembly -
Thiram

1 Introduction

Surface-enhanced Raman scattering (SERS) exhibits char-
acteristics of excellent sensitivity, rapid detection and strong
anti-interference [1], which has been widely used in envi-
ronmental monitoring, food safety, and medical hygiene
[2—-4]. It is generally accepted that the SERS enhancement
arises from the excitation of localized surface plasmon reso-
nance (LSPR) in adjacent plasmonic nanostructures [5],
resulting in the formation of intense electromagnetic fields
with narrow nanogaps named “hot spots” [6]. Therefore,
designing suitable plasmonic nanostructures to construct
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SERS substrate with a high-density of “hot spots” is essen-
tial for achieving high-performance SERS detection.

Noble metallic nanostructures [7] have been engineered
as highly sensitive SERS substrate due to the strong inten-
sity generated between localized surface nanoarrays, where
the “hot spots” provided significant electromagnetic field
enhancement [8]. Materials like gold [9], silver [10] and
copper [11] are often utilized for this purpose. According
to the SERS enhancement mechanism, silver is considered
as the preferred SERS material. For instance, Zhang et al.
[12] developed a reinforced hydrogel by reduction of plas-
monic silver nanoparticles (Ag NPs) on a PNIPAM mem-
brane using polyvinylpyrrolidone (PVP) as a surfactant. Lee
et al. [13] studied the efficiency of surface-enhanced Raman
spectroscopy (SERS) through the oblique angle deposition
of Ag with different deposition rates and substrates. The
majority of SERS substrates are based on rigid silicon [14,
15] or glass [16]. However, the inflexibility of these sub-
strates limits their applicability for in-situ detection [17] on
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non-planar or curved surfaces. To overcome this limitation,
the development of flexible and transparent SERS sub-
strates with rapid and easy-to-operate characteristics have
become a hot topic. Such substrates can enable conformal
contact with curved surfaces and facilitate in-situ detection.
At present, various materials that combine desirable flex-
ibility with optical transparency are available for this pur-
pose. These include polyethylene terephthalate (PET) [18],
polydimethylsiloxane (PDMS) [19], poly(methyl methac-
rylate) (PMMA) [20], and poly-vinyl chloride (PVC) [21].
Among them, PDMS is particularly favored as a base for
SERS substrate because of its flexible, excellent stabil-
ity, good adsorption and high transparency [22]. A pat-
terned PDMS film can provide uniform and high-density
“hot spots”, while also increasing the surface area, thereby
improving spectral enhancement.

Patterned PDMS film [23] was obtained by using a
template-assisted method, wherein the compact disc grat-
ing (CDG) served as a template to replicate the grating
structure onto the PDMS surface. This approach was not
only straightforward but also enabled the high-throughput,
low-cost preparation of large-area nanopatterns. Various
metal nanostructures have been fabricated on substrates
through techniques such as magnetron sputtering [24], ion
beam sputtering [25], inkjet printing [26] and self-assembly
[27]. However, methods like magnetron sputtering and ion
beam sputtering have high requirements for objective fac-
tors. In contrast, self-assembly is recognized as a low-cost
strategy. The successful preparation of Ag NWs/M-CDG/
PDMS substrate relied on integrating silver nanowires (Ag
NWs) [28] with the modified compact disc grating PDMS
film (M-CDG/PDMS). The modification principle involved
grafting amino group onto the surface of the grating PDMS
film to change its wettability [29] through APTES treatment
[30]. After modification, an increased density of Ag NWs
could be arranged on the surface of grating PDMS film,
thereby enhancing its SERS performance significantly.

In this study, silver nanowires were deposited on the
modified grating PDMS substrate through self-assembly.
The surface of the grating PDMS substrate was modified
with APTES treatment to create a hydrophilic layer, thereby
enhancing the adhesion of silver nanowires (denoted as
Ag NWs/M-CDG/PDMS). By utilizing self-assembly, the
deposition of Ag NWs led to the formation of numerous “hot
spots”. Optimizing the diluted ratio of Ag NWs resulted in
a prepared Ag NWs/M-CDG/PDMS substrate that exhib-
ited high SERS activity, good uniformity, and mechanical
stability. Using thiram as a probe molecule, the substrate
also possessed anti-interference properties, enabling it to
perform hybrid detection. Additionally, the developed sub-
strate was successfully applied for the vapor phase detection
of thiram.
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2 Experimental
2.1 Materials

A compact disc (CD 700 MB, 5 inches) was purchased from
Sony. Silver nanowires (Ag NWs) were purchased from
Zhejiang Kechuang Advanced Materials Technology Co.,
Ltd. 3-aminopropyltriethoxysilane (APTES, 97% purity)
was sourced from Beijing Bailingwei Technology Co., Ltd.
Polydimethylsiloxane (PDMS) was sourced from Dow
Corning Europe Limited. Analytical grade reagent thiram
(99.99% purity) and malachite green (MG) were purchased
from Shanghai National Pharmaceutical Group Chemical
Reagent Co., Ltd.

2.2 Preparation of Ag NWs/M-CDG/PDMS substrate

As illustrated in Fig. 1, the process started by removing
the protective and reflective layers from the compact disc,
exposing the underlying grating structure. The processed
compact disc were then ultrasonically cleaned for 10 min
and allowed to air dry naturally. Next, the PDMS prepoly-
mer was combined with the curing agent at a weight ratio
of 10:1 and thoroughly mixed for 20 min. The mixture was
then left to stand for 30 min to eliminate any bubbles. This
bubble-free mixture was coated onto the clean surface of
the grating compact disc and subjected to thermal curing at
100 °C for 30 min. After curing, the PDMS film was peeled
off from the compact disc and cut into 3x3 cm? pieces.
This procedure resulted in the transfer of the grating struc-
ture onto the PDMS film surface. Subsequently, these grat-
ing PDMS films were immersed in a modification solution
(C,HsOH: DI: APTES=95:3:2, v/v) at 70 °C for 2 hours.
Finally, a series of diluted solutions of silver nanowires
were self-assembled onto the surface of grating PDMS film
at room temperature (approximately 25°C) for 24 h, leading
to the successful development of Ag NWs/M-CDG/PDMS
substrate.

2.3 Characterization

The as-prepared SERS substrates were characterized using
a field-emission scanning electron microscope (FESEM
S4800). The wettability of the Ag NWs/M-CDG/PDMS
substrate was investigated by a contact angle measuring
instrument. SERS detection was performed by a laser micro
Raman spectrometer (PTT-MRI) at room temperature,
with the laser wavelength, power, and integration time of
532 nm, 5 mW and 20 s, respectively.
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Fig. 1 Developed process of Ag NWs/M-CDG/PDMS substrate

2.4 SERS measurements

To evaluate the SERS sensitivity of Ag NWs/M-CDG/
PDMS substrate, 1uL of thiram solution was dropped on
the surfaces of fabricated substrates. After drying at room
temperature, SERS spectra of thiram were collected from
these substrates using a Raman spectrometer. For vapor
phase measurements of thiram, 0.01 g of thiram powder was
weighed and placed into small beaker. The opening of the
beaker was then fully covered with the prepared substrate.
The small beaker was subsequently heated for varying dura-
tions, and at each interval, SERS measurements were taken
using the Raman spectrometer.

2.5 Results and discussion

2.6 Characterization of morphology and structure
of Ag NWs/M-CDG/PDMS films

Figure S1a shows that the blank PDMS film possessed good
transparency. As observed in Fig. S1b, the grating PDMS
film not only retained high transparency but also displayed
distinctive colored bands. After modification with APTES,

the transparency of the grating PDMS surface was visibly
diminished, as demonstrated in Fig. Slc. An interlaced net-
work structure comprised of silver nanowires was evident
on the surface of the Ag NWs/M-CDG/PDMS substrate, as
depicted in Fig. S1d.

The surface morphologies of the four prepared substrates
were investigated by SEM, as presented in Fig. 2. The blank
PDMS film possessed a smooth surface devoid of any com-
plex structures, as shown in Fig. 2a. Figure 2b indicated the
grating structure on the surface of PDMS film, which is pri-
marily responsible for the light interference effect and the
emergence of colored bands. Following modification with
APTES, the grating PDMS film still retained its grating
structure, however, due to the introduction of amino groups,
the clarity of its surface grating structure was reduced, as
depicted in Fig. 2¢. Figure 2d illustrates the Ag NWs/M-
CDG/PDMS film, where the disordered arrangement of sil-
ver nanowires formed a loose and porous network on the
surface.

To verify the effects of modification and self-assembly
on the wettability of the prepared substrate. The wettabil-
ity of the blank PDMS, CDG/PDMS, M-CDG/PDMS and
Ag NWs/M-CDG/PDMS were investigated by a contact
angle measuring instrument, as shown in the inset of Fig. 2.
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Fig. 2 SEM images of (a) blank PDMS film, (b) CDG/PDMS film, (¢) M-CDG/PDMS film, (d) Ag NWs/M-CDG/PDMS substrate. The inset

showed the corresponding contact angle images

The untreated surface of the blank and grating PDMS films
exhibited contact angle of 110° and 105°, respectively.
After APTES modification, the value of the contact angle
decreased from 105° to 66°, indicating the successful cre-
ation of a hydrophilic surface layer on the PDMS film. Sub-
sequent self-assembly further reduced the contact angle to
50°. The results indicated that both the APTES modification
and the self-assembly process significantly enhanced the
hydrophilicity of the substrates, with the latter also promot-
ing the aggregation of analytes to improve SERS sensitivity.

2.7 Evaluation of SERS performances, uniformity
and stability of the prepared substrate

For evaluating the SERS enhancement capability of the four
different substrates, 10> M thiram was chosen as the prob-
ing molecule. In Fig. 3a, the Ag NWs/CDG/PDMS substrate
exhibited a stronger SERS enhancement effect compared
to the Ag NWs/PDMS substrate. When the substrate was
modified with APTES, the Ag NWs/M-CDG/PDMS sub-
strate showed an even stronger SERS enhancement effect
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compared to the Ag NWs/CDG/PDMS substrate. This
might be attributed to the strong coupling between local-
ized surface plasmon resonance (LSPR) resulting from the
grating structures and the high degree of intersection of Ag
NWs. Figure 3b showed the variations in SERS intensity
for 107> M thiram at 1381 cm™' and 1510 em™' with four
different substrates. In a word, the SERS performance of the
Ag NWs/M-CDG/PDMS substrate was the best among the
four substrates. Therefore, all subsequent experiments were
conducted on Ag NWs/M-CDG/PDMS substrate without
special instructions.

Self-assembly is one of the most common methods
for preparing flexible SERS substrates. One of the criti-
cal parameter during this process was the concentration
of metallic nanostructures. This factor played a significant
role in determining their morphology and distribution on
the substrate surface, which in turn had a profound impact
on SERS enhancement. Therefore, silver nanowires were
deposited on the modified grating PDMS film by regulat-
ing the dilution ratio, which facilitated the fabrication and
optimization of SERS substrates. Fig. S2 displayed SEM
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Fig. 3 (a) SERS spectra of 107> M thiram on the four different sub-
strates. (b) The corresponding peak intensities of the SERS spectra
at 1381 cm! and 1510 cm™!. (¢) SERS spectra of 107> M thiram

images of modified grating PDMS films decorated with
Ag NWs at different dilution ratios (Ag NWs: DI v/v)
ranging from 1:5 to 1:20 in intervals of 5. It can be seen
that the Ag NWs are densely packed, forming a network
with a high coverage on the surface at dilution ratios of
1:5 and 1:10. For the dilution ratio of 1:15, gaps between
Ag NWs became noticeable. At the highest dilution ratio
of 1:20, the lowest density and most significant gaps were
observed, indicating much-reduced coverage. To investigate
the SERS activities of Ag NWs/M-CDG/PDMS substrates
fabricated with different dilution ratios, 10~> M thiram was
used as a probe molecule to obtain the SERS spectra, and
the result was shown in Fig. 3c. At a lower dilution ratio
of 1:5, the coalescence between adjacent Ag NWs reduced
the number of gaps, leading to a decrease in the intensity
of the SERS signal. As the dilution ratio increased to 1:10,
the spacing between neighboring silver nanowires became
more pronounced, resulting in an increased number of gaps.

Diluted concentration

adsorbed on the prepared substrates at various dilution ratios. (d) The
corresponding peak intensities of the SERS spectra at 1381 cm™! and
1510 cm™'

This created a higher density of “hot spots” within the Ag
NWs network, thereby enhancing the SERS signal inten-
sity. Correspondingly, the SERS signal intensity increased.
However, at higher dilution ratios (1:15 and 1:20), the quan-
tity of Ag NWs become insufficient, failing to adequately
cover the modified grating PDMS layer, thus leading to a
diminution in the SERS signal intensity. In addition, Fig. 3d
clearly illustrated the trend of SERS intensity at 1381 cm ™!
and 1510 cm™ ! changing with dilution ratio. As the dilution
ratio increased from 1:5 to 1:20, leading to a decrease in
the concentration of silver nanowires (Ag NWs), the SERS
intensity initially increased due to optimal gap formation
between Ag NWs, before eventually decreasing as the gaps
became less frequent. Therefore, Ag NWs/M-CDG/PDMS
substrate with dilution ratio of 1:10 was used in subsequent
SERS measurement.

To further confirm the effects of the modification, we
compared the SERS signal intensity between the modified
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Ag NWs/CDG/PDMS substrate and the unmodified Ag
NWs/CDG/PDMS substrate. Under the same conditions
(1 pL of thiram solution), the SERS signal intensity from
the modified Ag NWs/CDG/PDMS film was significantly
higher than that from the unmodified Ag NWs/CDG/PDMS.
Moreover, the detection limit for the modified substrate was
notably improved, achieving sensitivity to 10°% M thiram
solution as shown in Fig. 4b, compared to 10°¢ M for the
unmodified Ag NWs/CDG/PDMS film in Fig. 4a.
Uniformity is a critical parameter for evaluating the reli-
ability of SERS-based quantitative analyses in practical
applications. To assess this, the uniformity of the unmodified
Ag NWs/CDG/PDMS substrate was evaluated by recording
the Raman intensity of 10~ M thiram at 1381 cm! and
1510 cm ' from 20 randomly selected spots on the sur-
face. The obtained relative standard deviations (RSD) were
19.3% and 26.5%, respectively (Fig. 4c). Similarly, for the
modified Ag NWs/CDG/PDMS substrate, the signal homo-
geneity was examined by acquiring SERS spectra of 107>
M thiram from 20 different spots across the substrate. As
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shown in Fig. 4d, the RSD values for peak intensities at
1381 cm ! and 1510 cm™! were calculated to be 8.7% and
9.9%, respectively. Which exhibited that the modified Ag
NWs/CDG/PDMS substrate possessed the good uniformity.
These results indicated that the modified Ag NWs/CDG/
PDMS substrate exhibited superior uniformity compared to
the unmodified counterpart. Thus, it can be concluded that
the modification process significantly enhanced the unifor-
mity of the prepared substrate.

In addition, time stability and repeatability are critical
factors in evaluating the performance of SERS substrates.
As illustrated in Fig. 5a, the prepared substrate exhibited
excellent long-term stability, with its Raman enhancement
effect remaining robust throughout the storage period,
showing only a slight decrease in signal intensity. Further-
more, as depicted in the Fig. 5b, the signal intensity of thi-
ram molecular layers on 15 different batches of composite
substrates was remarkably consistent. This consistency
indicated that the composite substrates prepared using our
designed method possessed not only good time stability
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Fig. 4 SERS spectra of thiram with different concentrations on (a) Ag NWs/CDG/PDMS substrate, (b) Ag NWs/M-CDG/PDMS substrate. (c-d)

The corresponding peak intensities at 1381 cm™ ! and 1510 cm ™!
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Fig. 5 (a) The intensity of the characteristic peaks for thiram at 1381 cm™ and 1510 cm™ as a function of time during storage.(b) Bar charts
illustrating the peak intensity of SERS signals for 10~ M thiram recorded from 15 different samples at wavenumbers 1381 cm™ and 1510 cm™

but also high reproducibility. Overall, these results demon-
strated the superior qualitative and quantitative reliability of
the substrates.

2.8 Mechanical properties of the Ag NWs/M-CDG/
PDMS substrate

For practical applications, the mechanical stability of the
flexible SERS substrates is also very important. To further
assess the influence of mechanical stimuli on the SERS
activity of the Ag NWs/M-CDG/PDMS substrate, repeated
mechanical deformations, including bending and torsion,
were carried out. The substrates were subjected to being
bent in half and twisted to 180°, respectively. After every
10 cycles of mechanical stimuli, we collected the SERS sig-
nals of 10~* M thiram solution on the substrate to assess its
durability performance, as shown in Fig. 6a and b. Simi-
larly, the mechanical stability of the Ag NWs/M-CDG/
PDMS substrate was further investigated by collecting the
SERS spectra of 10~* M thiram solution and comparing
peak intensities at 1381 ¢cm™ ! performed in bending and
twisting tests. Even after 100 cycles of various mechani-
cal deformations, the peak intensity at 1381 cm™ ! exhibited
only negligible changes in comparison to the original state
without deformation, as illustrated in Fig. 6¢. These results
verified that the Ag NWs/M-CDG/PDMS substrates possess
good mechanical stability against both bending and twisting
because of their excellent flexibility.

Additionally, the adhesion between plasmonic nanostruc-
tures and the modified elastomeric film should be tenacious,
otherwise the SERS activity will be significantly weakened
due to the loss of metallic nanostructures during the SERS
measurements. Therefore, the adhesion between the Ag

NWs and the modified grating PDMS film was investigated
using a scotch tape peel test. Figure 6d depicted the SERS
spectra of 10~ * M thiram collected on the Ag NWs/M-CDG/
PDMS substrate after three peeling cycles. There was negli-
gible variation in SERS intensity at 1381 cm™ ! (the inset of
Fig. 5d), indicating a robust adhesion between the Ag NWs
and the modified grating PDMS film. The above results
demonstrated that the Ag NWs/M-CDG/PDMS substrate
exhibited outstanding mechanical stability, allowing it to
easily achieve conformal contact with curved surfaces with-
out impairing SERS performance.

The effect of substrate stretching was performed on the
flexible Ag NWs/M-CDG/PDMS substrate measured by
10~* M thiram as the probing molecule (Fig. 6¢). The SERS
intensity showed a slight decrease as the stretching length
increased. Specifically, when the stretching length increased
from 0 to 1.2 cm, the SERS intensity decreased by 30—40%,
as shown in Fig. 6f.

2.9 Anti-interference testing of the flexible Ag
NWs/M-CDG/PDMS substrate

The developed Ag NWs/M-CDG/PDMS flexible substrate
not only displayed good SERS sensitivity and stability but
also showed anti-corrosion properties, hybrid detection
capabilities, and a wide operating temperature range. As
evidenced in Fig. 7a, even when exposed to acidic envi-
ronments (pH=2) or alkaline conditions (pH=14), the
substrate maintained better Raman signals for thiram at a
concentration of 10~* M. Therefore, the prepared substrate
was suitable for SERS detection under complex and extreme
conditions. To enable the simultaneous detection of different
types of pollutants, solutions of thiram and malachite green
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Fig. 6 SERS spectra of thiram detected on the developed substrate
under various mechanical conditions: (a) bending half, (b) torsion to
180°. (¢) Corresponding signal intensities at 1381 cm™ ! after bending
and torsion. (d) Raman spectra from three adhesion tests using scotch
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Fig. 7 (a) SERS spectra of 10™* M thiram solution at various pH val-
ues. (b) SERS spectra of mixtures containing thiram and malachite
green (MG) (The red line and blue line indicated the Raman peaks of

(MG), both at a concentration of 10"-4 M, were mixed in
volume ratios of 1:1, 1:2 and 2:1. Then, the Raman peaks
of thiram and malachite green were obviously measured on
the developed substrate, as demonstrated in Fig. 7b. More-
over, the Ag NWs/M-CDG/PDMS substrate exhibited a
wide operating temperature range. When the substrate was
kept in -40°C freezer or placed in a drying cabinet at 120
°C, the SERS intensity remained within the ideal range, as
shown in Fig. 7c-d. In a word, the Ag NWs/M-CDG/PDMS
substrate had anti-corrosion properties, operated effectively
over a broad temperature range, allowed for synchronous
multi-analyte analysis, and resisted interference, making it
highly suitable for diverse analytical applications.
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MG and thiram, respectively). (¢) SERS spectra of thiram adsorbed on
the developed substrate at different temperatures. (d) Corresponding
Raman intensity of thiram at 1381 cm ™! as a function of temperature

2.10 Enhancement comparison under different
illumination modes

A bidirectional excitation test was performed on the Ag
NWs/M-CDG/PDMS substrate to evaluate its feasibility
for in-situ analysis. Figure 8a illustrated concise models of
the developed substrate under front-side and back-side illu-
mination mode. Comparative SERS spectra of thiram solu-
tion with concentrations ranging from 10™% to10~% M were
measured in both modes. As shown in Fig. 8b, the SERS
spectra of thiram recorded from the front and the back sides
of the prepared substrate were almost identical. This simi-
larity can be attributed to the excellent transparency of the
substrate, which allowed the incident laser and scattered
light to pass through the medium unimpeded. Therefore, the
fabricated Ag NWs/M-CDG/PDMS substrate was able to
collect signals in back-side mode without attenuation of the
electromagnetic enhancement. This developed substrate had
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Fig.9 (a) SERS spectra of thiram in the vapor phase on the substrate at different evaporation times of 4, 6, 8, 10, 12, and 14 min. (b) Correspond-

ing Raman intensities at 1381 cm™ !

enormous potential for applications in the field of in in-situ
SERS detection.

2.11 The vapor phase testing on Ag NWs/M-CDG/
PDMS substrate

Given that the Ag NWs/M-CDG/PDMS substrate exhibited
high sensitivity, it was worthwhile to investigate its per-
formance in vapor detection. However, research on SERS
detection in the vapor phase is relatively scarce. Because
molecules in the vapor phase possess higher kinetic energy
compared to those in solid or liquid states, it is necessary for
the Ag NWs/M-CDG/PDMS substrate to effectively capture
and absorb probe molecules at the plasmonic “hot spots” of
the SERS substrate.

@ Springer

0.01 g thiram powder was kept in small beaker. Then,
the developed substrate was arranged at the opening of the
small beaker, with the necessity of maintaining good air-
tightness to ensure the integrity of the experiment. A series
of small beaker containing of thiram powder were subjected
to heating for durations of 4, 6, 8, 10, 12, and 14 min. As
depicted in Fig. 9a, the SERS intensity of thiram initially
increased with the evaporation time, reaching a peak at
8 min before declining. Figure 9b showed the corresponding
Raman intensity of thiram at 1381 cm™ !, revealing that the
most intense Raman signal occurred at an evaporation time
of 8 min. It revealed that at an evaporation time of 8 min,
the Raman signal of thiram was the intensest. The result
could be attributed to the adsorption capacity of thiram
vapor molecules on the Ag NWs/M-CDG/PDMS substrate.
With increasing evaporation time, the adsorption number of
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vapor molecules on the prepared substrate also increased. At
8 min, the substrate reached saturation in terms of adsorbed
molecules, leading to the strongest Raman signal. Beyond
this point, extending the evaporation time did not increase
adsorption further, and thus the Raman signal would not
continue to intensify.

3 Conclusions

A flexible Ag NWs/M-CDG/W-PDMS substrate with high
sensitivity and good uniformity was designed and fabri-
cated in this work. The grating-structured Ag NWs/PDMS
substrate had a higher detection limit due to its unique
structural design. Meanwhile, the introduction of APTES-
treatment facilitated the deposition and stabilization of Ag
NWs, thereby demonstrating highly sensitive SERS activ-
ity and better uniformity. In view of its good mechanical
stability, corrosion resistance, capability for mixed analyte
detection, wide operating temperature range and effective-
ness in vapor phase detection, the Ag NWs/M-CDG/PDMS
substrate as SERS substrate was well-suited for the detec-
tion of complex surfaces. In conclusion, this study proved
that the Ag NWs/M-CDG/PDMS substrate had outstanding
potential for highly sensitive and accurate on-site detection
of pollutants in practical settings.
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supplementary material available at https://doi.org/10.1007/s00339-0
24-08227-7.
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