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A B S T R A C T   

Flexible surface-enhanced Raman scattering (SERS) substrate has received great attention because of its unique 
advantages at fast detection and on-site analysis in practical applications. Here, a biomimetic flexible SERS 
substrate was fabricated on polydimethylsiloxane (PDMS) film with nanopore arrays which was completely 
transferred from nanostructures in cicada wings by a replication process, and loaded with uniform silver 
nanoparticles (Ag NPs) via efficient magnetron sputtering method. By optimizing the deposition time, the 
optimal biomimetic flexible SERS substrate provided an analytical enhancement factor (4.2 × 105), excellent 
uniformity and reproducibility with a relative standard deviation (RSD) of 7.3 % and 2.8 %, respectively. 
Moreover, the biomimetic flexible SERS substrate exhibited excellent mechanical stability, and can obtain high- 
quality SERS signals under backside illumination. Specifically, malachite green (MG) residues on apple and pear 
peel can be rapidly and reliably determined using a portable Raman spectrometer, with a minimum detectable 
concentration of 10− 6 M and a high correlation coefficient (R2 > 0.99). The proposed biomimetic flexible SERS 
substrate coupled with a portable Raman spectrometer has great potential to be implemented in point-of-care 
testing applications.   

1. Introduction 

Surface-enhanced Raman scattering (SERS) is an attractive and 
powerful analytical technique, which can identify different types of 
analytes based on Raman spectroscopy’s fingerprinting ability [1]. Due 
to its unique advantages of ultra-high sensitivity, rapid detection, and 
nondestructive analysis, SERS has been widely used in various fields, 
such as food safety, environmental monitoring, biomedical science, and 
optical anticounterfeiting [2–5]. Generally, the strong amplification of 
Raman signals depends on electromagnetic field enhancement at 
nanogaps (so-called “hot spots”) among metal nanostructures due to the 
excitation of localized surface plasmon resonance (LSPR) [6–8]. 
Therefore, substantial efforts have been devoted to the fabrication of 
SERS substrates with high-density and uniform hot spots to meet the 
analytical requirements of sensitivity and reproducibility. One of the 
most commonly used strategy is to fabricate ordered plasmonic nano
structures on rigid substrates, which can improve SERS sensitivity and 

reproducibility of spectra analysis [9,10]. However, the utilization of 
such rigid SERS substrates for directly detecting analytes on curved 
surfaces is impracticable, which greatly restricts its practical 
applications. 

Recently, flexible SERS substrates have been attracting increasing 
research enthusiasm. Compared to conventional rigid SERS substrates, 
they have distinctive advantages at convenient sampling and on-site 
detection of targeted analytes on irregular surfaces [11]. Many soft 
materials, such as paper [12], nanocellulose fibers [13], PDMS [14], and 
PMMA [15], have been used for constructing flexible SERS substrates. In 
particular, the use of flexible and transparent polymer films as templates 
further propelled the SERS technique into the real-world applications, as 
they can perform in situ and nondestructive detection of analytes via a 
“paste and read” strategy [16]. Especially, such SERS substrates coupled 
with hand-held Raman spectrometers can achieve real-time, on-site 
detection of analytes, bringing SERS technique closer to real-life appli
cations [17,18]. Recently, polydimethylsiloxane (PDMS) has attracted 
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much attention due to its flexibility and optical transparency, which is 
the ideal matrix to fabricate flexible SERS substrates. Although flexible 
and transparent SERS substrates have many inherent advantages, the 
enhancement and reproducibility of the substrates are still strongly 
dependent on the density and uniformity of hot spots. To solve this issue, 
construction of three-dimensional (3D) SERS substrates prepared by 
decorating metallic nanostructures on periodic ordered structure arrays, 
has proven to be an effective way to realize highly sensitive and 
reproducible SERS substrates, due to their large specific area and uni
formly distributed hot spots [19,20]. The simple method to fabricate 
PDMS film with stereoscopic array structure is to replicate patterns of 
template, such as silicon mold with micropatterns [21], anodic 
aluminum oxide [22], polystyrene spheres [23], and sapphire substrate 

[24]. However, the preparation process of pre-fabricated ordered pat
terns has high preparation cost and low output, and thus, it is still not 
easy to fabricate a cost-effective SERS substrate with uniformly ordered 
array of structures to satisfy practical applications. Thus, a few re
searches have utilized the molding transfer technology to transfer the 
surface structures of biomaterials, such lotus leaves [25,26], rose petals 
[27], insect wings [28,29], onto the PDMS film surfaces, and decorated 
metal nanoparticles to fabricate 3D SERS substrates. In particular, there 
are large-area nanopillars arrays on the cicada wing surface [30,31]. In 
addition, for in situ detection, it is necessary to make enough SERS hot 
spots on the film surface for better contact with the analytes on curved 
surfaces. Thus, a combination of cost-effective fabrication method with 
high-density, uniform, and accessible SERS hot spots is needed to widen 
the SERS technique for field analysis. 

In this paper, we developed a biomimetic flexible SERS substrate 
composed of Ag NPs and PDMS nanopore arrays. The uniform PDMS 
nanopore arrays were controllably prepared by replicating ordered 
nanopillar arrays on cicada wing and served as a building block for 
deposition of Ag NPs. Using the R6G as a probe molecule, the satisfac
tory SERS performances of Ag NPs@PDMS nanopore array (Ag 
NPs@PDMS-NP array) was demonstrated by high sensitivity, excellent 
uniformity and batch-to-batch reproducibility, as well as good storage 
stability. Furthermore, the as-prepared biomimetic SERS substrate 
exhibited superior mechanical stability and bidirectional excitation 
capability, thus, it can be pasted on the irregular object surfaces and 
implemented back illumination to easily realize in situ SERS detection. 
To evaluate the suitability for field applications, the biomimetic flexible 
substrate combined with a portable Raman spectrometer was exploited 
to perform portable in situ SERS detection of malachite green (MG) 
residues on apple and pear peel. The minimum detection concentration 
as low as 10− 6 M was achieved for both fruits. Therefore, combined with 
a portable Raman instrument, such biomimetic flexible SERS substrate 
with high performance has great potential for on-site, in situ detection 
applications. 

Fig. 1. Schematic illustration of the preparation process for the biomimetic 
flexible SERS substrate and portable in situ detection of pesticide residues in 
apple peel. 

Fig. 2. (A) Photographs of a cicada and its detached forewing. (b) AFM image and (c) cross-section height profile of the cicada wing. (d) Photograph of a PDMS 
negative replica placed on the paper printed with letters LCU. (e) AFM image and (f) cross-section height profile of the PDMS negative replica. 
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2. Experimental detail 

2.1. Fabrication of biomimetic flexible SERS substrate 

The overall fabrication process implemented to prepare the bio
mimetic flexible SERS substrate was depicted in Fig. 1. First, the cicada 
wing was ultrasonically cleaned in acetone, ethanol and ultra-pure 
water for 10 min, respectively, to remove surface impurities and dried 
with dry nitrogen. The cicada wing was then cut into 1.2 × 1.4 cm2, and 
fixed on a cleaned silicon wafer using a transparent adhesive tape. Then, 
the mixture of PDMS prepolymer and a curing agent in a weight ratio of 
10:1 (Down Corning Corp.) was dropped onto the surface of cicada 
wings and placed in a vacuum chamber for 30 min of degassing, fol
lowed by curing at 70 ◦C for 2.5 h. Subsequently, the PDMS film with 
ordered nanopore arrays was obtained after peeling off from the original 
biological template. Finally, the silver nanoparticles (Ag NPs) were 
deposited on the nanopatterned PDMS film through DC magnetron 
sputtering system to obtain the biomimetic flexible SERS substrate at 
different deposition times from 30 to 75 s at an interval of 15 s. During 

the deposition process, the DC power, base pressure, and working 
pressure was 20 W, 5.0 × 10− 4 Pa, and 0.8 Pa, respectively. 

2.2. Characterization and SERS measurements 

The surface morphology of the cicada wings was characterized by an 
atomic force microscope (AFM, Bruke Icon). The morphology of the 
biomimetic flexible SERS substrate was investigated by a field emission 
scanning electron microscope (FESEM, Regulus8100, HITACHI). The 
SERS spectra were collected by a hand-held Raman spectrometer 
(TR6500, Optosky photoelectric Co., Ltd., China) equipped with a 785 
nm laser source. The laser power and the accumulation time was 20 mW 
and 10 s, respectively. For evaluating the SERS activity of samples, 10 μL 
of R6G standard solutions were dripped onto the biomimetic flexible 
SERS substrates, and the SERS signals were collected after drying 
naturally. To study in situ detection capability of the SERS substrates, 
20 μL of MG standard solutions were dripped onto the surface of apple 
and pear, and dried naturally at room temperature. Then, Ag NPs/PDMS 
nanopore arrays film was pasted on the contaminated apple and pear 

Fig. 3. SEM images of the biomimetic flexible SERS substrates prepared at different deposition times: (a) 30 s, (b) 45 s, (c) 60 s, (d) 75 s. (e) EDS spectra of the 
biomimetic flexible SERS substrate prepared with a deposition time of 60 s, the inset shows the Ag element distribution. (f) Photographs of a biomimetic flexible SERS 
substrate placed on the paper and/or folded by hand. 
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with Ag NPs facing the peel surface, and performed in situ backside SERS 
measurements. 

3. Results and discussion 

Fig. 2(a) shows an image of a cicada and detached wing. According to 
previous reports, the cicada wing surface comprises nanopillar arrays 
[30,31]. As presented in Fig. 2(b), hexagonally packed nanopillar arrays 
are uniformly distributed on the surface of the cicada wing. The AFM 
analysis (Fig. 2(c)) shows that the bottom diameter and height of pro
trusion structure are about 185 and 169 nm, respectively. After molding, 
a large-area negative PDMS replica was obtained as shown in Fig. 2(d). 
The AFM measurement (Fig. 2(e) (f)) depicts that the negative PDMS 
replica consisted of ordered hexagonal close-packed nanoporous struc
ture with a height of 44 nm and bottom diameter of 178 nm. According 
to these results, it can be found that the negative PDMS replica with 
nanoporous structures can be prepared by using cicada wings as 
templates. 

As a mature processing technology, magnetron sputtering is an ideal 
method for fabricating SERS substrates because it can achieve large- 
scale, low-cost and time-saving deposition of thin films in a control
lable manner [32,33]. The PDMS nanopore arrays decorated with Ag 
NPs prepared at different deposition times (from 30 to 75 s at an interval 
of 15 s) were characterized by SEM, as shown in Fig. 3(a)–(d). It can be 
seen that the size of Ag NPs can be tuned by changing the deposition 
time. The size of Ag NPs increased with increasing deposition time from 
30 to 60 s, while the nanogaps between neighboring Ag NPs decreased. 
However, further increasing the Ag deposition time resulted in cluster 
coalescence. Thus, the Ag NPs coated PDMS nanopore arrays prepared at 
the deposition time of 60 s reached the optimum requirement. More
over, energy dispersive X-ray spectroscopy (EDS) (Fig. 3(e)) reveals that 
the resulting biomimetic flexible substrates were mainly composed of 
Ag, C, and O. Also, through the EDS mapping (the inset of Fig. 3(e)), the 
Ag elements are found to be uniformly distributed on the surface of the 
biomimetic flexible substrate. Fig. 3(f) shows an image of the 

biomimetic flexible substrate, indicating that it has good transparency 
and excellent flexibility, which are verified by clear observation of let
ters LCU under the substrate and large bending deformation by hand. 

To evaluate the SERS performance of biomimetic flexible SERS 
substrates, R6G with a concentration of 10− 5 M was selected as a probe 
molecule. Fig. 4(a) shows the SERS spectra of R6G collected from these 
different biomimetic flexible SERS substrates. The major peaks of R6G in 
the SERS spectra were located at 612, 770, 1362, and 1510 cm− 1, which 
were similar to previous studies [34,35]. It can be seen that the SERS 
signals increased with increasing the deposition time to 60 s, but 
decreased with further elongation of the sputtering time. The SERS in
tensity at 1510 cm− 1 versus the deposition time also clearly demon
strates that the substrate prepared at the deposition time of 60 s exhibits 
the highest Raman enhancement, as represented in the inset of Fig. 4(a). 
This variation of the SERS activity can be explained by the morpho
logical evolution of the biomimetic flexible SERS substrates with 
different deposition times (Fig. 3(a)–(d)). For short Ag deposition time, 
e.g., 30 s, isolated Ag NPs with relatively small diameter was not 
beneficial to generate hot spots. With prolongation of the deposition 
time to 45 s, the size of Ag NPs on the PDMS became bigger, while 
interparticle nanogaps decreased, giving rise to higher SERS enhance
ment. With further elongation of the deposition time to 60 s, Ag NPs 
became bigger in size and the interparticle nanogaps became narrower, 
conducive to the excitation of high-density hot spots. However, when 
the deposition time was up to 75 s, the agglomeration of Ag NPs caused 
the reduction of hot spots number. 

The SERS sensitivity of the optimal biomimetic flexible SERS sub
strate was evaluated by measuring SERS signals of R6G at different 
concentrations (10− 3-10− 7 M), as shown in Fig. 4(b). It can be observed 
that a low concentration of 10− 7 M for R6G can be readily clearly 
identified, indicating that this substrate has good SERS activity. Addi
tionally, a good linear relationship between the peak intensity at 1510 
cm− 1 and the logarithmic concentration of R6G was obtained with a 
high correlation coefficient (R2 = 0.992), as demonstrated in Fig. 4(c). 
Additionally, analytical enhancement factor (AEF) of the biomimetic 

Fig. 4. (A) SERS spectra of R6G (10− 5 M) collected from different biomimetic flexible SERS substrates. The inset shows the comparison of peak intensity at 1510 
cm− 1 for different deposition times. (b) SERS spectra of R6G with different concentrations on the optimal biomimetic flexible SERS substrate. (c) The calibration 
curve of the Raman intensity at 1510 cm− 1 versus the logarithm of the R6G concentration. (d) SERS spectra of R6G (10− 7 M) on the biomimetic flexible SERS 
substrate and Raman spectra of R6G (10− 2 M) on the pure PDMS film. 

X. Li et al.                                                                                                                                                                                                                                        



Optical Materials 149 (2024) 114801

5

flexible SERS substrates was calculated according to the formula [36]:  

AEF = (ISERS/CSERS)/(INR/CNR)                                                         (1) 

Where ISERS and INR are the Raman intensities of probe molecules in the 
SERS spectra and the norm Raman spectra. CSERS and CNR represent the 
concentration of probe molecules absorbed on the biomimetic flexible 
substrate and pure PDMS film, respectively. Here, the characteristic 
band at 1510 cm− 1 for R6G was selected for calculation, and ISERS and 
INR were 3585 and 853, respectively (Fig. 4(d)). The concentration of 
R6G used for CSERS and CNR was 10− 7 M and 10− 2 M, respectively. As a 
result, the AEF was calculated to be 4.2 × 105. 

To access the signal uniformity, the SERS spectra of R6G (10− 5 M) at 
100 random spots on the substrate were collected, as depicted in Fig. 5 
(a). The relative standard deviation (RSD) value of the peak intensity at 
1510 cm− 1 was calculated to be 7.3 % (Fig. 5(b)), confirming that the 
biomimetic flexible SERS substrate has excellent homogeneity. More
over, the batch-to-batch reproducibility was evaluated by obtaining the 
SERS signals of R6G from 5 different biomimetic flexible SERS sub
strates, as shown in Fig. 5(c). The RSD value of the peak intensity at 
1510 cm− 1 was calculated to be 2.8 % (Fig. 5(d)). The excellent repro
ducibility can be attributed to the synergistic effect of periodic ordered 
PDMS nanopore arrays and homogeneous hot spots among Ag NPs, as 
well as reproducible fabrication process. Moreover, the adhesion test 
was also performed to access the robustness of Ag NPs and PDMS 
nanopore arrays. After three cycles of “press and peeled-off” processes 

using scotch tapes, the SERS intensity at peak 1510 cm− 1 did not change 
significantly and decreased by about 5 %, as shown in Fig. 5(e), indi
cating that Ag NPs had strong adhesion on the PDMS film surface. Also, 
the stability of the biomimetic flexible SERS substrate was tested under 
ambient environment storage conditions. As shown in Fig. 5(f), the peak 
intensity at 1510 cm− 1 recorded from the SERS substrate stored for 18 
days attenuates by 8 % compared with the fresh substrate, showing that 
the biomimetic substrate exhibits good time stability. 

To effectively achieve in situ detection of contaminants on curved 
surfaces, the SERS substrate must have excellent mechanical stability 
and superior bidirectional detection capability. Towards this end, the 
service properties of the biomimetic flexible SERS substrates were 
investigated by subjecting to a series of fatigue tests, including bending, 
torsion, and stretching, as shown in the inset of Fig. 6(a)–(c). For the 
bending, torsion, and stretching test, the obtained SERS substrates were 
bent in half, twisted to ~180◦ and stretched to ~150 %, respectively. 
The SERS signals were collected from R6G (10− 5 M) molecules absorbed 
on the biomimetic flexible SERS substrate after every ten deformation 
operations. After 100 bending, torsion and stretching cycles, the peak 
intensity at 1510 cm− 1 hardly changes compared to the original value 
before deformations, as shown in Fig. 6(a)–(c), indicating that the bio
mimetic flexible SERS substrate has excellent mechanical property and 
adaptability. Furthermore, as the obtained biomimetic flexible SERS 
substrate has excellent optical transparency (Fig. 3(f)), we collected the 
SERS spectra of MG at different concentrations from both sides of the as- 

Fig. 5. (A) SERS spectra and (b) intensity distribution at 1510 cm− 1 for 10− 5 M R6G collected from 100 random sites on the same substrate. (c) SERS spectra and (d) 
intensity distribution at 1510 cm− 1 for 10− 5 M R6G measured from 5 batches of substrates. SERS intensity of R6G (10− 5 M) at 1510 cm− 1 on the biomimetic flexible 
SERS substrate (e) in the adhesion test and (f) stored over different periods of time. 

X. Li et al.                                                                                                                                                                                                                                        



Optical Materials 149 (2024) 114801

6

prepared substrate, as shown in Fig. 6(d). It was found that the obtained 
SERS signal were almost identical, suggesting that the biomimetic 
flexible SERS substrate could be used for in situ analysis by the backside 
SERS measurement. These results demonstrated the excellent mechan
ical stability and good bidirectional excitation property of the bio
mimetic flexible SERS substrate, which would be useful for in situ 
detection of analytes on irregular surfaces. 

To investigate the applicability of the biomimetic flexible SERS 

substrate for real-world applications, MG was selected as the model 
analyte [37,38]. For portable in situ SERS detection, the biomimetic 
flexible SERS substrates were pasted on apple and pear peel, which were 
spiked with MG at different concentrations, and the SERS signals were 
collected under backside illumination mode by means of a hand-hold 
Raman spectrometer, as shown in Fig. 7(a). The SERS spectra of MG 
with different concentrations on apple and pear peels collected by bio
mimetic flexible SERS substrates are shown in Fig. 7(b), (c), 

Fig. 6. SERS intensity of R6G collected from the biomimetic flexible SERS substrate during the (a) bending, (b) torsion, and (c) stretching tests for 100 cycles. (d) 
SERS spectra of MG at different concentrations collected from both sides of the biomimetic flexible SERS substrate. 

Fig. 7. (A) Portable in situ SERS detection measurement on apple and pear peel. SERS spectra of MG with different concentrations collected from the surface of (b) 
apple peel, and (c) pear peel using the biomimetic flexible SERS substrate. (d) Linear calibration plot between the SERS intensity at 1616 cm− 1 and logarithm of MG 
concentration (red, apple; blue, pear). 
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respectively. It was found that a low MG concentration of 10− 6 M can be 
readily detected via a portable Raman spectrometer. In addition, there is 
a good linear relationship between the peak intensity at 1616 cm− 1 and 
the logarithm of MG concentration for two types of fruit with R2 of 0.993 
and 0.991, respectively. The above results indicated that the biomimetic 
flexible SERS substrate could be used for realizing simple, rapid, and 
on-site detection applications using a portable Raman spectrometer. 

4. Conclusion 

In conclusion, we fabricated a biomimetic flexible SERS substrate 
and explored its applications for on-site, in situ hazardous residues 
detection in fruits. The PDMS film with ordered nanopore arrays was 
prepared by replicating nanochitin in the cicada wings, and served as a 
patterned template for Ag NPs deposition. Since the combination of 
high-density hot spots and periodic order nanopore array, the optimal 
biomimetic flexible SERS substrate exhibited high AEF (4.2 × 105), 
excellent signal uniformity (RSD = 7.3 %), and superior batch-to-batch 
reproducibility (RSD = 2.8 %). In additions, it also had excellent me
chanical stability and SERS enhancement under backside illumination 
mode. Combined with a hand-hold Raman spectrometer, the rapid, on- 
site, and in situ MG residues detection on apple or pear peel can be 
readily performed using the biomimetic flexible substrate. The mini
mum detection concentration of MG for both fruits was 10− 6 M, and the 
SERS intensity and the logarithmic concentration exhibited a good 
linear relationship (R2 > 0.99). These results indicated that the as- 
prepared biomimetic flexible SERS substrate coupled with a portable 
Raman spectrometer has broad application potential for rapid, on-site 
detection of contaminants on irregular surfaces. 
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