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Abstract   This paper presents a polymer-brush-guided templating strategy for fabricating ordered gold plasmonic architectures.  The synthe-

sized nanostructures featuring densely packed Au nanoparticles (NPs) exhibited strong surface-enhanced Raman scattering (SERS) activity. Using

a simple mechanical transfer technique, these assemblies were integrated into flexible polydimethylsiloxane (PDMS) films. Polymer encapsula-

tion during synthesis ensures structural integrity during processing, resulting in a mechanically robust SERS substrate with exceptional analytical

performance.  This  platform  achieved  4-mercaptobenzoic  acid  (4-MBA)  detection  at  100  pmol/L  (10−10 mol/L)  with  high  reproducibility

(RSD=6.8%). Environmental and mechanical stability tests demonstrated 95% signal retention over 30 days and sustained functionality after 100

bending/twisting cycles. Combined with a non-destructive adhesion-transfer protocol, the substrate enabled on-site thiram detection on apple

surfaces (1 μmol/L limit). This study provides a scalable approach for developing flexible SERS devices for food safety monitoring and environ-

mental analysis.
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INTRODUCTION

As  the  population  grows  and  agricultural  production  expands,
organic  pesticides  are  increasingly  being  used  to  control  plant
diseases and insect pests. However, excessive pesticide residues
in the soil, fruits, and vegetables pose a serious threat to human
health.[1] Therefore,  there  is  a  need  for  a  simple  and  effective
method  to  detect  pesticide  residues.[2] Traditional  chromato-
graphic  methods  are  accurate,  but  require  expensive  equip-
ment  and  complex  pretreatment  procedures.  Surface-en-
hanced Raman scattering (SERS) has emerged as a highly sensi-
tive  analytical  tool  with  broad  applications  in  biomedical  re-
search,  chemical  analyses,  and  clinical  diagnostics.[3−5] The  re-
markable signal amplification in surface-enhanced Raman scat-
tering  (SERS)  arises  from  localized  surface  plasmon  resonance
(LSPR),  a  phenomenon  in  which  collective  electron  oscillations
in metallic nanostructures intensify Raman signals by several or-
ders of magnitude. These nanoscale regions of extreme electro-
magnetic field enhancement, commonly termed “hot spots,”[6−9]

enable ultrasensitive molecular detection. Compared with con-

ventional chromatographic techniques that require complex in-
strumentation,  SERS  provides  a  rapid,  field-deployable  alterna-
tive for pesticide residue analysis in agricultural products.

In  recent  decades,  efforts  have  been  made  to  develop  so-
phisticated SERS substrates for non-destructive and sensitive
analysis  of  food  contaminants.  Conventional  rigid  substrates
such as silicon wafers-, glass-, and metal-based platforms with
uniformly  and  densely  packed “hot  spots” have  been  devel-
oped.[10,11] However,  their  lack of  flexibility  limits  their  use in
the detection of  analytes  on curved objects.[12] Flexible  SERS
substrates  such  as  paper-,[13,14] polymer-,[15] and  carbon-
based platforms[16,17] have attracted interest because of their
adaptability to practical applications.[18,19] Despite the fabrica-
tion  of  many  flexible  SERS  substrates  for  detecting  pesticide
residues  in  vegetable  and  fruit  peels  through  a “press-peel
off” process,  challenges  remain.[20−22] For  example,  a  com-
mon  preparation  method  for  flexible  SERS  substrates  in-
volves the physical deposition of noble metal nanostructures
on  the  surface  of  flexible  platforms,  where  the  nanostruc-
tures  and  platforms  are  connected  through  van  der  Waals
forces.[23,24] The low adhesion between metal nanostructures
and  flexible  platforms  can  cause  the  fall  of  metal  nanostruc-
tures during mechanical deformations and sampling process-
es,  reducing  the  number  of “hot  spots” and  decreasing  Ra-
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man homogeneity  and sensitivity.  Moreover,  for  good adhe-
sion, nanostructures have been encased in flexible substrates
such  as  polyvinyl  alcohol  (PVA)  hydrogels  or  polydimethyl-
siloxane (PDMS) films,[25,26] which have achieved better stabil-
ity  and  durability  of  flexible  SERS  substrates  to  some  extent.
How ever, the distance between the probe molecules and the
nanostructures  in  PVA  hydrogels  or  PDMS  films  is  not  suffi-
ciently small to achieve the best Raman scattering of the SERS

substrates.  Therefore,  developing  a  method  for  fabricating
flexible SERS substrates with good Raman enhancement and
high sensitivity is of great significance.

In  this  study,  we  present  a  simple  and  robust  method  for
preparing flexible SERS sensors with high sensitivity and sta-
bility for trace detection. Patterned Au nanostructures grown
on silicon wafers using a polymer brush templated synthesis
strategy (see Fig. 1a and Figs. S1−S5 in the electronic supple-
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Fig. 1    (a)  Schematic illustration of the in situ synthesis of patterned Au NP assemblies;  (b) Schematic illustration of the PDMS hybrid films by
simple “cut-and-paste” procedure; (c) Flexible PDMS provides excellent bending and twisting resistance for the SERS substrates.
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mentary  information  (ESI)  for  the  experimental  setup)[27,28]

were  transferred  to  PDMS  thin  films  through  a  simple “cut-
and-paste” procedure (Fig. 1b). The templating strategy utiliz-
ing  polymer  brushes  enabled  precise  regulation  of  Au
nanoparticle  (NP)  the  dimensions  and  morphologies,  com-
posed of densely packed Au NPs attached to the silicon wafer
via encapsulated  polymer  chains.[27,28] Therefore,  the  Au  NP
architectures retained their structural fidelity even when sub-
jected to mechanical “cut-and-paste” transfer operations and
showed  good  mechanical  stability  after  being  transferred  to
PDMS  films  because  of  the  encapsulation  of  polymer  tem-
plates.  In  particular,  the  flexible  nature  of  the  PDMS  film  al-
lows the flexible SERS substrate to bend and twist while main-
taining  its  functional  stability  (Fig.  1c).  The  massive  electro-
magnetic “hot  spots” among  the  closely  packed  Au  NPs  en-
abled the flexible films to have enormous SERS effects and ca-
pability for practical  analysis of pesticide residues.  This study
provides  a  simple  and robust  method for  fabricating flexible
SERS substrates with good sensitivity and mechanical stabili-
ty for practical detection applications.

EXPERIMENTAL

The  preparation  process  is  schematically  illustrated  in Fig.  1(a)
and  experimental  details  are  summarized  in  the  ESI.[27,28] Pat-
terned polymethacryloyloxyethyl trimethylammonium chloride-
block-poly(methyl  methacrylate)  (PMETAC-b-PMMA)  block
copolymer  brushes  were  fabricated  on  silicon  substrates
through  photoinduced  surface-initiated  atom  transfer  radical
polymerization  combined  with  photomask  patterning.  The
cationic PMETAC domains functioned as spatially confined reac-
tion chambers  for  gold precursor  immobilization,  facilitated by
electrostatic and coordination interactions between quaternary
ammonium groups and [AuCl4]− complexes. Subsequent in situ
reduction  within  these  hydrophilic  domains  yielded  organized
gold  nanoparticle  assemblies,  while  the  hydrophobic  PMMA
matrix  formed  a  protective  surface  layer  over  the  nanostruc-
tured  arrays.  This  hierarchical  fabrication  strategy  enables  pre-
cise spatial control over plasmonic nanostructure formation.

Subsequently,  a  PVA  solution  was  applied  to  silicon-sup-
ported  nanostructures  and  thermally  cured  to  form  a  com-
posite film.  The PVA-nanostructure assembly was transferred
onto a partially cured PDMS substrate, followed by secondary
thermal curing to achieve structural fixation. Subsequent sol-
vent  immersion selectively  removed the sacrificial  PVA layer,
enabling  precise  transfer  of  the  patterned  gold  nanostruc-
tures  onto  the  PDMS  matrix  (detailed  protocols  provided  in
ESI).  This  interfacial  engineering  strategy  successfully  yields
transparent,  mechanically  compliant  SERS  substrates  while
preserving the  integrity  and spatial  organization of  the  plas-
monic nanoarchitectures.

RESULTS AND DISCUSSION

In this study, we selected PDMS as the substrate for flexible SERS
because of its favorable processing characteristics and flexibility,
which are superior to those of other materials utilized in flexible
SERS substrates such as PVA.[29] Additionally, PDMS exhibits en-
hanced  water  resistance  compared  with  other  materials.  As
shown in Fig. 2(a), the colorless PDMS film turned lavender after

the attachment of the patterned Au plasmonic nanostructures.
Triangular  Au  nanostructures  with  geometric  uniformity  (edge
length:  20  μm;  thickness:  33±7  nm)  were  successfully  synthe-
sized, as confirmed by microscopic analysis (Fig. 2b). The optical
microscope image (Fig. 2c) further confirms the formation of the
patterned Au NP assemblies-PDMS hybrid film. We observed the
microstructure  of  an  individual  triangular  nanosheet  in  a  flexi-
ble  SERS  substrate  using  atomic  force  microscopy  (AFM)  (Fig.
2d).  As  can  be  seen  from  the  AFM  height  data,  the  triangular
nanosheet  has  a  flat  top  surface  with  a  thickness  of  approxi-
mately 25 nm (Fig.  2e),  which is  thin and flat  relative to the 20
µm lateral size of the nanosheet.

Prior to TEM characterization, the Au NP architectures were
delaminated  from  the  silicon  substrates  through  mechanical
exfoliation  (experimental  details  are  provided  in  the  ESI).  As
shown  in Fig.  2(f),  the  triangular  morphology  was  preserved
post-delamination,  a  structural  resilience  resulting  from  in
situ  polymer  encapsulation  during  NP  synthesis.[30,31] This
protective  interaction  effectively  maintained  assembly  in-
tegrity throughout the transfer process. FE-SEM imaging (Fig.
2g)  revealed  a  homogeneous  Au  NP  distribution  across  the
PDMS  surfaces,  confirming  dense  packing  without  aggrega-
tion.  Complementary  structural  analyses,  including  HR-TEM
lattice imaging, SAED crystallography, and GI-WAXD profiling
(Figs.  2h,  2i  and  Fig.  S6  in  ESI)  collectively  verified  the  poly-
crystalline  nature  and  spatial  uniformity  of  the  nanoparticle
assemblies.

The flexible SERS substrate was immersed in a solution of 4-
mercaptobenzoic  acid  (4-MBA)  for  different  time  to  investi-
gate the effect  of  immersion time on the response signal  in-
tensity (Fig. 3a). The experimental results show that the SERS
response signal first increases rapidly with increasing immer-
sion time and then tends to be constant for 120 min. The dif-
ference between the SERS signal  intensities generated by 60
and  120  min  of  immersion  was  no  longer  significant.  There-
fore, we believe that 60 min of immersion is sufficient for this
SERS substrate. To explore the limit of detection (LOD) of the
PDMS-based SERS substrates, the correlation between the Ra-
man signal  intensity  and the  concentrations  of  4-MBA aque-
ous ranging from 1 μmol/L to 100 pmol/L (10−6‒10−10 mol/L)
was studied (Fig. 3b). Characteristic Raman vibrational modes
corresponding  to  C―S  stretching  (1078  cm−1)  and  aromatic
ring  deformation  (1586  cm−1)  were  consistently  detected
across all analyte concentrations, with signal attenuation cor-
relating  linearly  with  reduced  4-MBA  concentrations.  The
PDMS-supported Au NP assemblies demonstrated exception-
al  analytical  sensitivity,  as  evidenced  by  a  100  pmol/L  (10−10

mol/L) detection threshold, confirming their efficacy as high-
performance SERS-active  platforms.  Choosing the 1078 cm−1

peak  as  the  analytical  readout,  we  acquired  the  calibration
curve of 4-MBA identification, and the result showed a linear
dependence  of  the  Raman  peak  intensity  on  the  concentra-
tion of 4-MBA molecules (R2 = 0.950), which suggests the po-
tential for quantitative detection of probe molecules at trace
concentrations (Fig. 3c).

The  SERS  enhancement  magnitude  was  quantitatively  as-
sessed by calculating the surface-averaged enhancement fac-
tor (EF). The optimized substrate exhibited an EF value of 1.76×
108 (see  ESI),  primarily  driven  by  intensive  plasmonic  cou-
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pling at interparticle nanogaps within the densely packed Au
NP arrays. To evaluate the spatial uniformity, grid-based map-
ping across 20 predefined sites revealed minimal signal varia-
tion  (6.8%  RSD, Figs.  3d and  3e),  confirming  exceptional  ho-
mogeneity  for  trace  analyte  detection.  This  performance
aligns with our earlier findings[27,28] regarding the pattern-in-
duced  stabilization  of  SERS-active  architectures.  Mechanistic
analysis  suggests  that  the  controlled  mass  transport  kinetics
during the  redox process  govern the  nucleation and growth
of  Au  NPs  within  the  polymer  matrix.  Specifically,  confined
ion  diffusion  along  patterned  brush  edges  promoted  a  uni-
form NP distribution, whereas non-patterned regions exhibit-
ed  accelerated  diffusion  near  structural  imperfections,  lead-
ing to heterogeneous growth.

To  assess  the  long-term  stability,  the  hybrid  PDMS  films
were  subjected  to  ambient  storage  conditions  with  periodic
SERS signal monitoring at five-day intervals. As shown in Fig.

3(f), the Raman intensities exhibited only minor variations af-
ter a period of storage, further verifying the excellent stability
of the flexible SERS substrate.  To further confirm the state of
the Au NPs  in  the substrate,  XRD analysis  was  performed on
the Au NPs embedded in the flexible substrate (Fig. S7 in ESI).
The  experimental  results  confirmed  the  face-centered  cubic
crystal  structure  of  the  Au  NPs,  with  characteristic  peaks  ob-
served  at  38.2°,  44.4°,  and  64.6°  corresponding  to  the  (111),
(200),  and  (220)  crystallographic  planes,  respectively.  Addi-
tionally, no peaks associated with Au oxides (e.g., Au2O3) were
detected, indicating that the NPs remained in a metallic state
under the synthesis and storage conditions employed in this
study.  Therefore,  the  stability  of  the  Au  NPs  encapsulated
within the polymer brushes provided a flexible substrate with
adequate  durability.  Consequently,  the  PDMS  hybrid  films
stored in air  for  a certain period could still  exhibit  consistent
SERS effects.
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Fig.  2    (a)  Optical  microscope  image  of  triangular  Au  nanostructures  before  being  transferred  to  PDMS;  (b)  Low- and  (c)  high-
magnification  optical  microscope  image  of  the  PDMS-based  SERS  substrate;  (d)  AFM  analysis  of  the  Au  nanostructure  and  (e)  its
thickness after the removal of outer PMMA layer; (f) TEM image of the triangular Au NP assemblies; (g) High- and (h) low-magnification
TEM, and (i) the corresponding SAED images of the triangular Au NP assemblies after peeling-off from the silicon wafer.

  Peng, J. P. et al. / Chinese J. Polym. Sci. 2025, 43, 1584–1591 1587

 
https://doi.org/10.1007/s10118-025-3373-z

 

https://doi.org/10.1007/s10118-025-3373-z
https://doi.org/10.1007/s10118-025-3373-z
https://doi.org/10.1007/s10118-025-3373-z
https://doi.org/10.1007/s10118-025-3373-z
https://doi.org/10.1007/s10118-025-3373-z
https://doi.org/10.1007/s10118-025-3373-z
https://doi.org/10.1007/s10118-025-3373-z


 

750 1000 1250 1500 1750

In
te

n
si

ty

In
te

n
si

ty

Raman shift (cm
−1

)

Raman shift (cm
−1

)

Raman shift (cm
−1

)

500 count/(mW·s) 500 count/(mW·s)

1 min

10 min

30 min

60 min

120 min

800 1200 1600

1 μmol/L

100 pmol/L

100 nmol/L

10 nmol/L

1 nmol/L

−10 −9 −8 −7 −6

0

200

400

600

800

1000

1200

lg (concentration (mol/L))

In
te

n
si

ty y = 2436.3 + 241.3x

1078 cm
−1

R
2
=0.950

O

OH
HS

1000 1250 1500 1750 5 10 15 20
0

400

800

1200

1078 cm
−1

, RSD=6.8%
In

te
n

si
ty

Spectrum No.

0 5 10 15 20 25 30
0

200

400

600

800

1000

1200

In
te

n
si

ty

Storage time (day)

a

d

b

e f

c

Sp
ec

tr
um

 N
o.

 
Fig. 3    (a) Effect of soaking time on response signal intensity of the flexible SERS substrate. (b) Raman spectra of 4-MBA molecules from 1 μmol/L
to 100 pmol/L on the PDMS-based SERS substrates. (c) Linear calibration plot of SERS intensity and the concentration of 4-MBA ranging from 1
μmol/L  to  100  pmol/L.  (d)  SERS  signal  of  4-MBA  (1  μmol/L)  randomly  recorded  at  20  points  from  PDMS-based  SERS  substrates  and  (e)  the
corresponding intensity  distribution at  the 1078 cm−1 band.  (f)  Relationship between the Raman intensity  at  band 1078 cm−1 and the storage
time.
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Fig. 4    (a) Schematic illustration of the durability test as mechanical stimuli of the flexible PDMS hybrid films. Comparative SERS intensity and
Raman spectra (b) after the bending in half of the flexible SERS substrate, and (c) after the torsion to about 180° of the flexible SERS substrates for
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An  important  assessment  for  evaluating  an  ideal  flexible
SERS  substrate  is  its  mechanical  stability,  which  is  vital  for
practical applications. The mechanical durability of the PDMS
hybrid  films  was  revealed  using  different  mechanical  defor-
mations,  including  bending  and  torsion,  for  100  cycles  (Fig.
4a). For the bending and torsion tests, the PDMS hybrid films
were bent in half and twisted to approximately 180° (Figs. 4b
and  4c),  respectively.  Following  mechanical  stress  exposure
(bending/torsion  cycles),  the  structural  integrity  of  the  Au
nanoparticle assemblies on the PDMS surfaces remained pre-
served, as evidenced by SEM characterization of the post-de-
formation substrate surface (Fig. S8 in ESI). The resulting SEM
analysis  demonstrated that  the PDMS hybrid films subjected
to  100  bending  or  twisting  cycles  maintained  their  original
configuration without detectable crack formation or material
deterioration,  thereby  validating  their  exceptional  mechani-
cal and fatigue resistance. Periodic spectral monitoring at 20-

cycle  intervals  (Figs.  4b and  4c)  revealed  <5%  variation  in  4-
MBA  (1  μmol/L)  Raman  signal  intensity  throughout  100  me-
chanical cycles relative to the undeformed controls. This me-
chanical resilience originates from the strong interfacial adhe-
sion  between  the  Au  architectures  and  PDMS  matrix,  ensur-
ing  operational  reliability  in  field-deployable  sensing  scenar-
ios.  Furthermore,  the  substrate  incorporated  a  dual-function
protective  layer:  an  inert  polymer  brush  coating  prevented
nanostructure dislodgement while permitting analyte perme-
ation  to  the  underlying  plasmonic  surfaces.  This  design  pro-
vides  SERS  nanostructures  with  a  robust  connection  to  the
flexible substrate while maintaining high sensitivity to the de-
tected molecules,  and ultimately realizes that  the nanostruc-
tures and SERS signals remain virtually identical to their initial
state after 100 bending cycles. For comparison, we provide a
summary of the four key parameters of our flexible SERS sub-
strate  versus  those  of  six  recent  representative  flexible  SERS
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Fig.  5    (a)  Illustration  of  the  process  and  principles  of  detecting  thiram  molecules  from  apple  skin  using  flexible  SERS  substrates;  (b)  Raman
spectra of thiram molecules from the flexible hybrid film; (c) Linear calibration plot of Raman intensity and the immersion concentration of thiram
ranging from 10 μmol/L to 10 nmol/L; (d) Raman spectra of thiram molecules from 10 mmol/L to 1 μmol/L recorded from the apple skin; (e) Linear
calibration plot of SERS intensity versus the thiram concentration at 1078 cm−1; (f, g) SERS signal of thiram (10 mmol/L) samples from randomly
chosen points of the PDMS hybrid film and the corresponding intensity distribution at the 1078 cm−1 band (the average value is plotted with the
black line, and the navy region indicates the intensity of the variation of ± 7.3%).
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substrates (Table S1 in ESI).[32−37] It is evident that our flexible
SERS substrate exhibits  a combination of  comprehensive ad-
vantages.

Owing to its distinct flexibility, transparency, and good me-
chanical  stability,  the  PDMS  hybrid  film  is  advantageous  for
the  collection  of  analytes  on  various  non-planar  surfaces.
Here, “press-peel  off” process  was  employed  to  achieve  the
direct,  rapid,  and  sensitive  detection  of  thiram  molecules  on
apple  skin.  The mechanism of  the  PDMS hybrid  films  for  the
“press-peel off” detection of thiram molecules on apple skin is
illustrated  in Fig.  5(a)  (see  ESI  for  experimental  details).  Al-
though  thiram  molecules  with  the  same  concentration
showed  weaker  Raman  intensities  when  detected  by “press-
peel  off” analysis  (Figs.  5b and  5c),  LOD  values  as  low  as  1
μmol/L  were  determined  for  thiram  (Fig.  5d)  and  bands  at
1145  cm−1 (S―C―N  stretching  and  CH3 rocking)  and  1370
cm−1 (C―N stretching and CH3 rocking) can be distinctly ob-
served.  As  shown  in Fig.  5(e),  a  linear  calibration  curve  was
obtained (R2 = 0.970), indicating that the films possessed reli-
able SERS effects for trace detection and displayed good SERS
activity in practical analysis.

To further explore the uniformity of trace detection in a re-
al  analyte,  the  SERS  intensities  across  the  PDMS  hybrid  films
were  measured  from  20  randomly  chosen  points.  Arguably,
with  a  relative  standard  deviation  of  7.3%,  there  was  no  sig-
nificant change in the SERS intensities at the different points
(Figs. 5f and 5g). Furthermore, a systematic evaluation of the
SERS  effects  of  residual  probe  molecules  on  diverse  agricul-
tural products was conducted using a flexible SERS substrate
(Fig.  S9  in  ESI).  The  results  revealed  distinct  SERS  response
characteristics  across  the  three  representative  agricultural
specimens: apple, banana, and cucumber. Notably, the signal
intensity  exhibited  high  consistency  between  the  apple  and
banana  surfaces,  whereas  a  statistically  significant  attenua-
tion in SERS intensity was observed for the cucumber surface.
This  differential  SERS  enhancement  behavior  is  preliminarily
attributed  to  variations  in  interfacial  roughness,  which  may
modulate the localized electromagnetic field distribution and
surface  plasmon  resonance  coupling  efficiency  at  the  sub-
strate-probe  interface.  The  results  demonstrated  that  the
PDMS hybrid films possessed good mechanical durability and
homogeneous SERS activity for trace detection.

CONCLUSIONS

In summary, this study demonstrates a scalable assembly-trans-
fer  protocol  for  fabricating  mechanically  compliant  PDMS-Au
hybrid  films  with  integrated  SERS  functionality.  The  plasmonic
substrate  exhibited exceptional  analytical  performance,  includ-
ing a 1.76×108 surface enhancement factor and 7.3% signal uni-
formity for  4-MBA detection,  enabled by dense Au NP packing
with  controlled  interparticle  spacing.  Environmental  durability
testing revealed 95% signal retention after 30-day ambient stor-
age,  whereas  cyclic  mechanical  loading  (100  bending/torsion
cycles) induced <5% signal variation, confirming robust interfa-
cial adhesion between the Au architectures and the PDMS ma-
trix.  Field  validation  using  a  non-destructive  press-adhesion
technique  successfully  detected  thiram  residues  on  apple  sur-
faces  at  a  concentration  of  1  μmol/L,  highlighting  its  practical
applicability  for  agricultural  monitoring.  This  methodology

bridges laboratory-scale sensitivity with real-world deployability,
and  offers  a  versatile  platform  for  on-site  contaminant  screen-
ing in food safety systems.
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