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ABSTRACT 

Plasmonic nanogaps that generate intense electromagnetic hot spots are crucial for surface-enhanced Raman scattering (SERS) 
sensing, particularly at the single-molecule level. However, plasmonic nanogaps in conventional SERS platforms are usually 
fixed, posing significant challenges for precise and ultra-sensitive molecular detection. Here, we propose a stretchable SERS 
platform, on which plasmonic nanogaps can be modulated stepwise, to sequentially control the trapping and deposition of target 
molecules, which are subsequently detected by significantly enhanced Raman signals. Functionalized with monodisperse silver 
nanoparticles, the platform enables reversible and precise bidirectional tuning of plasmonic nanogaps from nearly 400 nm down 
to sub-5 nm, endowing the SERS sensor with excellent sensitivity, robust reconfigurability, and broad detection versatility. SERS 
measurements on various small-molecule analytes achieve the lowest detectable concentrations of 10− 14 m (rhodamine 6G, R6G), 
10− 12 m (4-Mercaptopyridine, 4-MPY), and 10− 5 m (urea and sodium lactate). The dual-analyte measurement confirms the single- 
molecule SERS detection capability. Meanwhile, large biomolecules (hemoglobin, Hb) detection down to a limit of 10 pg/mL 
further validates the reliability and universality of the developed SERS sensor. Our scheme paves the road for ultrasensitive 
detection of arbitrary molecules with robust reconfigurability. 
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 Introduction 

urface-enhanced Raman scattering (SERS) is a label-free and
igh-sensitivity molecular fingerprinting detection technique [ 1–
 ]. It has been reported that more than 50% of SERS signals derive
rom nanoscale interstices or gaps formed between metallic struc-
ures [ 5 ], which support localized surface plasmon resonances
LSPRs) [ 6–9 ]. Narrower plasmonic nanogaps produce stronger
ocalized electromagnetic fields and higher SERS enhancement.
evertheless, reduced gap sizes substantially decrease the prob-
bility of analyte molecules accessing the target electromagnetic
otspots [ 10–12 ]. An inherent trade-off therefore exists between
ll rights reserved, including rights for text and data mining and training of artificial inte
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nanogap dimension and molecular accessibility. This imposes
critical challenges, especially for single-molecule SERS detection,
manifested mainly in sensitivity, reproducibility, and detection
efficiency of the sensor [ 13–17 ]. 

Flexible SERS platforms featuring tunable nanogaps offer a
novel strategy to improve molecular loading efficiency and
SERS detection sensitivity [ 18–21 ]. Meanwhile, they enable con-
formal sampling on arbitrary surfaces, making them suitable
for in situ and on-site detection [ 19–22 ]. According to dis-
tinct substrate modulation strategies, flexible SERS substrates
can be mainly classified into two categories: stretchable and
lligence technologies or similar technologies. 
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endable polymer substrates regulated by mechanical [ 23, 24 ]
r thermal stimuli [ 25 ], and swellable substrates based on
ydrogels [ 26, 27 ] or filter papers [ 28 ] that are modulated
hrough water absorption and desorption. Nanostructures on
tretchable flexible substrates are conventionally prepared under
train-free conditions, and post-stretching of the substrate only
nables tunable expansion of nanogaps [ 29, 30 ]. Therefore, to
chieve high-sensitivity SERS detection, nanostructures with
ub-nanometer gaps usually need to be preconstructed, which
mposes stringent demands on micro/nanofabrication techniques
 31, 32 ]. Hydrogel substrates can stably support nanoassembled
tructures via their tunable hydrated intermediate state, thus
llowing bidirectional nanogap regulation involving both expan-
ion and contraction [ 26, 33–35 ]. However, hydrogel platforms
enerally suffer from a relatively low regulation speed. Fur-
hermore, the intrinsic 3D cross-linked network structure limits
heir compatibility with diverse analytes, ranging from small
olecules to large biomolecules [ 35 ]. Paper-based substrates
ossess natural porosity and a high concentration of hydroxyl-
ype hydrophilic groups, which facilitates metal deposition
ithout the need for extensive processing [ 28, 36 ]. Nevertheless,
hey are susceptible to moisture absorption and deformation,
nd exhibit relatively low precision in plasmonic nanogap
egulation [ 18 ]. 

erein, we propose an innovative and precise plasmonic nanogap
odulation strategy for stretchable platforms, enabling sequen-
ial manipulation of nanogap expansion and contraction with
apid response and low operational cost. The stretchable substrate
s decorated with randomly dispersed silver nanoparticles. Upon
niaxial stretching, the stretchable substrate exhibits opposite
anogap-modulation behaviors along two orthogonal directions
see Figure 1a , where the nanogap size g1 increases while
2 decreases). Accordingly, two-step orthogonal stretching of
he flexible substrates allows reversible bidirectional nanogap
uning (expansion and contraction) at a single spatial position
see yellow dotted circles in insets 1–4 of Figure 1b ). Experi-
ental results show that nanogaps among monodisperse silver
anoparticles are precisely tunable from nearly 400 nm to
ub-5 nm. This unique feature sequentially promotes molecu-
ar trapping, deposition (insets 1–3 of Figure 1b ), and Raman
nhancement (inset 4 of Figure 1b ). SERS measurements for
iverse analytes, including small molecules (R6G, 4-MPY, urea
nd sodium lactate) and large biomolecules (hemoglobin, Hb)
ield ultralow limits of detection, demonstrating the excel-
ent universality and robust reliability of the proposed plat-
orm. Moreover, dual-analyte characterization further verifies
he superior single-molecule detection capability of the SERS
ensor. 

 Results and Discussion 

.1 Dynamic Tuning of Plasmonic Nanogaps 
nder Tensile Strain 

acuum thermal evaporation was employed to directly deposit
ilver nanoparticles onto thermally stable modified Polydimethyl-
iloxane (PDMS) film, with nanoparticle deposition time and
vaporation rate as the primary optimized parameters in the
xperiment. A dense monolayer of nanoparticles with different
of 12
sizes is randomly distributed on the surface of the flexible
substrate (see scanning electron microscope (SEM) images in
Figure S1 ). PDMS is a crosslinked elastomer. Under appropriate
external stress, the curled siloxane backbone network inside
the material undergoes directional stretching, leading to elonga-
tion of the substrate along the tensile direction and transverse
contraction perpendicular to the tensile direction [ 37, 38 ]. Such
mechanical deformation of the substrate can drive the expansion
or compression of the gaps between silver nanoparticles on its
surface. To clarify the strain-dependent evolution of nanogaps in
the randomly dispersed nanoparticles, we employed a membrane
transfer method to immobilize and replicate the nanostructures
at varied tensile strains, where tensile strain is defined as ξ =
Δl / l0 , with l0 and Δl denoting the initial length and the elongation
of the PDMS substrate, respectively. As illuminated in Figure 2a ,
Polyurethane (PU) solution is directly coated on the pre-stretched
and Ag nanoparticle-decorated PDMS substrate. Following natu-
ral air drying, the PU layer is peeled off from the PDMS surface,
enabling the transfer of nanoparticles onto the flexible PU film.
The fourth inset of Figure 2a shows the optical photographs of the
PDMS substrate after partial nanostructure exfoliation and the
corresponding PU film loaded with transferred Ag nanoparticles.
Complete stripping of nanoparticles from the PDMS substrate
using the PU film was verified. Therefore, the nanostructures
transferred onto the PU film can faithfully reproduce the mor-
phology of those originally formed on the stretched PDMS
substrate. 

Figure 2b-e show the SEM images of the transferred nanoparticles
with ξ = 0, 0.23, 0.43 and 0.68, respectively. At zero tensile strain
( i. e ., ξ = 0), nanoparticles are randomly distributed across the
substrate surface with relatively uniform interparticle distances,
as illustrated in Figure 2b and its enlarged view in Figure 2f .
Statistical analysis of approximately 700 nanogap pairs extracted
from Figure 2f reveals that nanogaps in the 35–50 nm range
constitute the dominant fraction (see Figure 2j ). As tensile strain
increases, stripe-shaped nanogaps between nanoparticles emerge
and gradually broaden along the stretching direction (outlined by
the white dotted circles in Figure 2c-e ). The red histograms in
Figure 2k,i statistically analyze the effect of mechanical stretching
on the enlargement of nanogaps. It can be observed that as the
stretching strain increases, gaps ranging from 100 to 400 nm grad-
ually emerge and their fraction rises continuously in the analyzed
regions of Figure 2g,h , respectively. Such reversibly expanded
interparticle channels promote efficient molecular deposition.
Nevertheless, inhomogeneous tensile stress at microscopic inter-
faces prevents perfect uniaxial alignment of the strip-shaped
nanogaps. Such structural disorder is significantly aggravated at
a tensile strain of ξ = 0.68 (see Figure 2e ), where Zig-zag striped
interparticle gaps form between the nanoparticles. Figure S2
summarizes the evolution of nanogaps in the directions parallel
and perpendicular to the stretching axis. The fraction of nanogaps
in the 100–400 nm is markedly higher along the stretching
direction. Notably, apart from stretch-induced striped nanogaps,
tensile deformation also drastically reduces interparticle gaps,
especially along the direction perpendicular to the stretching
axis. As the tensile strain increases from ξ = 0.23 to 0.43, the
predominant nanogap size decreases from 20–30 to 5–10 nm (see
the blue histograms in Figure 2k,i ), in which nanogaps with sizes
below 5 nm account for 7–16% of the total population. However,
when the tensile strain reaches 0.68, the nanoparticles within
Advanced Functional Materials, 2026
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FIGURE 1 Schematic illustration of the principle and realization of the stepwise nanogap modulation strategy. (a) Regulatory effect of single- 
step stretching on plasmonic nanogaps; (b) Schematic diagram of the stepwise plasmon nanogap modulation strategy to sequentially control molecular 
trapping, deposition, and Raman enhancement via a stretchable SERS platform. 
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umerous domains suffer severe agglomeration, as observed in
igure 2e and its enlarged view in Figure 2i . 

train-induced modulation on the nanostructured system mani-
ests not only in the above-mentioned microscopic morphology
ut also in its optical spectroscopic responses. Accordingly, we
erformed both numerical simulations and in situ absorption
pectrum characterizations on the PDMS-based SERS substrates
nder different tensile strains. Figure 3a presents the statis-
ical diameter distribution of nanoparticles on the strain-free
ubstrate shown in Figure 2f ), where nanoparticles with an
verage diameter of ∼ 130 nm constitute the major population;
he purple solid curve is the fitting result. Using this measured
ean nanoparticle diameter, we simulated the absorption spectra
f nanoparticle dimers featuring different interparticle nanogap
idths d , as plotted in Figure 3b , where the nanogap widths d
hange at unequal intervals from 80 to 1 nm. In all simulations,
ncident light is linearly polarized parallel to the nanogap, as
lluminated in Figure 3c . For relatively large nanogaps ranging
rom 80 to 30 nm, the resonant wavelengths of the broadband
bsorption peaks for Ag dimers remain almost unchanged, as
ndicated by the purple and blue curves in Figure 3b . In contrast,
 prominent redshift occurs in the absorption spectra when the
anogap width d shrinks below 10 nm, corresponding to the
reen and red curves in Figure 3b . The physical mechanism
ehind such spectral evolution can be verified by the near-field
lectric intensity distributions of nanoparticle dimers with d =
dvanced Functional Materials, 2026
80 and 5 nm, respectively, as illustrated in Figure 3c . It can
be observed that the spectral responses for the dimers with
relatively large nanogaps (e.g., d = 80 nm), originate mainly
from the electric dipole resonance of individual nanoparticles,
while those separated by a 5 nm interparticle gap arise from
the so-called gap plasmon resonance, due to strong near-field
coupling between nanoparticles [ 39, 40 ]. Compared with the
electric field intensity distribution of dipole resonance, the gap
plasmonic mode within nanogaps generates a nearly 70-fold local
electric-field enhancement relative to the dipole-resonant field.
Correspondingly, the molecular Raman signal within hot spots is
further enhanced by at least 103 -fold with respect to the substrate
exhibiting only dipole resonance. 

In experimental spectroscopic measurements, two orthogonal
linear polarization modes of incident light are utilized, as illus-
trated in Figure 3d : the transverse magnetic (TM) mode, where
the electric field vector is orthogonal to the substrate stretching
direction, and the transverse electric (TE) mode, with its electric
field aligned parallel to the stretching axis. Figure 3e,f shows the
in situ measured absorption spectra of SERS substrate for TM
and TE polarizations, respectively. The applied tensile strain is
tuned from ξ = 0 to 0.7 at an interval of 0.1. The dotted curves in
Figure 3e,f correspond to the measurement results, while the solid
curves represent the spectral fitting results. The relatively narrow
absorption peak centered at λ = 500 nm originates from the
intrinsic characteristic signal of a super-continuous white-light
3 of 12
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FIGURE 2 Microscopic distribution of Ag nanoparticles on the surface of a flexible substrate under tensile stretching. (a) Schematic workflow of 
the peeling-assisted film transfer strategy for replicating Ag nanoparticles (insets 1–3) and the optical photograph of the PDMS substrate after partial 
nanostructure exfoliation (inset 4); (b)-(e) SEM images of the transferred nanostructures at ξ = 0, 0.23, 0.43 and 0.68, respectively; (f)-(i) Corresponding 
magnified views of panels (b)-(e); (j)-(l) Statistical analysis of nanogap sizes extracted from the images in Figure 2f–h , respectively. 
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aser source. Under TM polarization, the broadband absorption
eaks originating from the LSPR of Ag nanoparticles undergo an
bvious redshift from about 400 to 700 nm as the tensile strain
increases from 0 to 0.7. This phenomenon reveals the drastic
eduction in nanogap width along the direction perpendicular to
he stretching axis, which is consistent with the evolution features
f nanostructure distribution outlined above. In contrast, only a
light spectral redshift is observed for the plasmonic absorption
eaks under TE polarization. The spectral evolution under TE
olarization can be mainly attributed to two factors. First,
tripe-like nanogaps emerge and gradually broaden along the
tretching direction. Such morphological changes barely induce
otable spectral variations, since the measured extinction spectra
re dominated by the electric dipole resonance of individual
anoparticles, as validated by simulation results. Second, non-
niform deformation of the substrate reduces local nanogaps
of 12
parallel to the stretching direction, which is responsible for the
weak redshift of the absorption peaks. 

Overall, both simulated and experimentally measured spectro-
scopic responses of flexible SERS substrates under different
tensile strains agree well with the experimentally observed mor-
phological evolution, fully demonstrating that uniaxial tensile
stretching can effectively modulate the nanogap widths along two
orthogonal dimensions. More importantly, this understanding
motivates a two-step nanogap modulation strategy for improving
the comprehensive performance of SERS platforms. Figure 3g
presents the TM-polarized absorption spectra of the SERS sub-
strate over ten successive stretch-release cycles, where the tensile
strain ξ was varied from 0.2 to 0.5. Repeated stretching induces
negligible changes in the extinction spectra of the substrate,
verifying its outstanding structural stability. 
Advanced Functional Materials, 2026
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FIGURE 3 Optical spectral responses of the flexible substrate under tensile stretching. (a) The statistical diameter distribution of nanoparticles on 
the strain-free substrate shown in Figure 2f ; (b) Simulated absorption spectra of nanoparticle dimers featuring different interparticle nanogap widths 
d , the diameter of nanoparticle is 130 nm; (c) Simulated electric-field intensity distributions of nanoparticle dimer with d = 80 and 5 nm, respectively; 
(d) Schematic illustration of two orthogonal linearly polarization lights (i.e., TM and TE modes) utilized in experiments; (e) and (f) In situ measured 
absorption spectra of SERS substrate under stretching, with tensile strain ξ ranging from 0 to 0.7 for TM and TE polarizations, respectively; (g) TM- 
polarized absorption spectra of the SERS substrate over ten successive stretch-release cycles. 
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.2 Molecular SERS Performance on 

train-Modulated Stretchable Substrates 

fter verifying the aforementioned fundamental properties, we
ystematically investigate the SERS performance of analyte
olecules adsorbed on the flexible SERS substrate under single
niaxial stretching and two successive orthogonal stretching
rocesses. Figure 4a–c depict the SERS measurement work-
lows for the flexible substrates subjected to single uniaxial
tretching ( single-step-stretching test ) and two successive orthog-
nal stretching ( two-step-stretching test ). The analyte solution
s first titrated onto the pre-stretched substrate, where the
anogaps are broadened to facilitate the adsorption and depo-
ition of target molecules (see Figure 4a ). After the analyte
olution is fully evaporated and dried, the substrate is relaxed
ack to its strain-free state for subsequent Raman charac-
erization (see Figure 4b ). These procedures constitute the
ingle-step-stretching tests. In contrast, the two-step-stretching
ERS measurement refers to the characterization performed
uring secondary stretching along the axis orthogonal to
he initial stretching direction after the substrate recovers
o its initial dimension (see Figure 4c and Figure S3 ). Sec-
ndary stretching can effectively narrow the molecule-hosting
anogaps, further enhancing the Raman scattering intensity
f molecules and increasing the detection probability of target
nalytes. 
dvanced Functional Materials, 2026
Figure 4d shows the average SERS spectra of 10− 7 m R6G
molecules under single uniaxial stretching conditions, where the
flexible SERS substrate is subjected to tensile strains ξ1 ranging
from 0.35 to 0.70. It should be mentioned in here that all SERS
spectra are acquired by averaging spatially scanned measure-
ments over a 46 µm × 46 µm mapping area with a scanning step
size of 1 µm. Characteristic peaks of R6G at 613, 775, 1187, 1309,
1360 and 1506 cm− 1 can be clearly resolved in all measured spectra,
which are consistent with previous reports [ 41–44 ]. Moreover, the
Raman peak intensities vary distinctly with the applied tensile
strain. Based on triplicate repeated experiments, a well-defined
optimal correlation can be observed between the characteristic
Raman peak intensity and substrate tensile strain ξ1 , as displayed
in Figure 4e,f . These two subfigures depict the intensity evolution
of the characteristic peaks at 613 and 775 cm− 1 , respectively,
where the solid red curves correspond to the Gaussian fitting of
the experimental data. The maximum Raman signal consistently
appears at a tensile strain of ξ1 ≈ 0.55. The corresponding average
enhancement factor (EF) is calculated to be approximately 107 
at the 613 cm− 1 characteristic peak, in comparison with that
acquired from a continuous Ag film incubated with 10− 3 m R6G
solution. For further details and supporting data, see the Methods
section and Figure S4 [ 41, 45, 46 ]. 

Figure 4g displays the SERS spectra of 10− 7 m R6G molecules
under two successive orthogonal stretching conditions. The
5 of 12
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FIGURE 4 SERS performances of R6G molecules absorbed on the flexible SERS substrates under single uniaxial and two successive orthogonal 
stretching at different tensile strains. (a)-(c) SERS measurement workflows for the flexible substrates subjected to single uniaxial stretching and two 
successive orthogonal stretching; (d) SERS spectra of 10− 7 m R6G molecules collected under single uniaxial stretching; (e) and (f) The intensity evolution 
of the characteristic peaks as a function of tensile strain ξ1 at 613 and 775 cm− 1 , respectively; (g) SERS spectra of 10− 7 m R6G molecules under two 
successive orthogonal stretching treatments; (h) and (i) The optimal correlation between the characteristic Raman peak intensity of R6G and the second 
tensile strain ξ2 at 613 and 775 cm− 1 , respectively. 
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ubstrate was first stretched to the optimal tensile strain of
1 = 0.55, as determined from the aforementioned single-step-
tretching measurements, and then followed by the orthogonal
tretching with tensile strain ξ2 varying from 0.2 to 0.55. It
as been demonstrated that such a flexible substrate exhibits
ighly stable SERS performance within 20 stretching cycles.
etailed investigations on substrate stability are presented in
igure S5 . In addition to a remarkable improvement in overall
ERS intensity, the strain-dependent spectral evolution under
rthogonal stretching closely resembles that obtained under
ingle uniaxial stretching. Figure 4h,i summarize the optimal cor-
elation between the characteristic Raman peak intensity of R6G
nd the second tensile strain ξ2 , which reveals that the maximum
ERS signal is stably achieved at ξ2 ≈ 0.45. Correspondingly, the
alculated SERS EF reaches at least 108 , which is 5–7-fold higher
han that obtained from the single-step stretching test. At high
of 12
concentrations (e.g., 10− 7 m R6G), multiple molecules are nearly
distributed at every scanned position of the substrate after a
single stretch. Therefore, when a second stretch is introduced, the
average SERS enhancement mainly originates from the nanogap
contraction induced by the two-step stretching strategy and the
accompanying enhancement of local electromagnetic fields. By
contrast, for low concentrations near the single-molecule regime,
the number of molecules residing within hot spots obeys statisti-
cal distributions [ 47–49 ]. In this case, the second stretch increases
the probability of molecules occupying hot spots, leading to a
more pronounced enhancement of the overall Raman signal (see
experimental investigations below). 

With the optimal stretching parameters determined, we system-
atically investigate and compare the SERS sensitivity or lowest
detectable concentration (LDC) of the flexible substrates under
Advanced Functional Materials, 2026
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FIGURE 5 SERS-sensitivity investigation of the flexible SERS substrates under different stretching conditions. (a)-(c) SERS measurement of R6G 

solutions with different concentrations conducted on flexible substrates under unstretching, single-step-stretching and two-step-stretching conditions, 
respectively; (d) Spatially scanned measurements of 10− 8 m R6G solution under two-step-stretching condition; (e) Quantitative correlations between 
the probability of positive SERS events and molecular concentration for two-step-stretching (red discrete points) and one-step-stretching (blue discrete 
points) substrates; (f) SERS measurement of 4-MPY solutions conducted on flexible substrate under two-step-stretching condition; (g) Typical bi-analyte 
spectra corresponding to four different events; (h) Statistical results for the counts of R6G events, 4-MPY events and mixed events; (i) Statistical histogram 

of the single-molecule frequency derived from MPCA. 

u  

d  

f  

a  

c  

a  

d  

t  

s  

C  

s  

s  

l  

r  

 

 

 

 

 

 

 

 

 

 

 

 

A

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.79500 by Fudan U
niversity, W

iley O
nline L

ibrary on [10/11/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reati
nstretched, single-step-stretching, and two-step-stretching con-
itions. Figure 5a shows the average SERS spectra collected
rom the unstretched flexible substrate loaded with R6G solution
t concentrations ranging from 10− 7 to 10− 11 m . As the R6G
oncentration decreases, its characteristic Raman peaks undergo
 corresponding reduction in intensity and can no longer be
istinguished at a concentration of 10− 11 m . Figure 5b,c presents
he SERS measurements on the flexible substrate under single-
tep stretching and two-step stretching conditions, respectively.
ompared with the unstretched substrate, flexible SERS sub-
trates under single-step stretching and two-step orthogonal
tretching deliver superior SERS enhancement and attain much
ower detectable R6G concentrations of 10− 1 2 m and 10− 14 m ,
espectively. This represents LDC improvements of at least 2 and
dvanced Functional Materials, 2026
4 orders of magnitude, directly demonstrating the effectiveness
of mechanical stretching, particularly the two-step strategy, for
molecular Raman enhancement. 

Figure 5d exhibits the spatially scanned spectra of a 10− 8 m R6G
solution under two-step-stretching conditions, where effective
Raman signals of R6G molecules, defined as positive SERS events,
are detected at nearly all of the 46 × 46 scanning points. It has
been reported recently that the probability of positive SERS events
(PPV, P ) follows a definite quantitative statistical relation with
analyte concentration ( C ) within the low-concentration regime
[ 47–51 ]. Derived from the Poisson distribution of target molecular
counts within individual detection points, this relation can be
formulated as P = 1 − e− a ( C ) , where a denotes the average num-
7 of 12
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er of molecules per detection unit. Under the linear-response
pproximation valid at sufficiently low concentrations, a scales
inearly with C , i.e., a = βC , where β is a constant incorporating
he capture efficiency and detection volume. Therefore, through
uantitative statistical analysis of spatially scanned data obtained
rom R6G solutions with different concentrations (see Figures S6
nd S7 ), we establish a quantitative correlation between the prob-
bility of positive SERS events and molecular concentration on a
ogarithmic scale, as shown in Figure 5e . The criteria for positive
ERS events in here are discussed in (see Figure S8 ). The red dis-
rete points with error bars correspond to the statistical average
btained from three independent measurements on the two-
tep- stretching substrate; the solid black line denotes the linear
its of the experimental data. The single-stretching data, shown
s discrete blue points, are provided for comparison. It should
e noted that these three independent experiments represent
tatistical signals collected from three SERS substrates fabricated
n separate batches. The detailed batch-to-batch reproducibility
f SERS substrates under different stretching conditions is pre-
ented in Figure S9 . Well-defined and robust linear correlations
etween PPV and molecular concentration can be observed over
 broad concentration range for both substrates. The coefficient
f determination (R2 ) reaches approximately 99.2% for the two-
tep- stretching group, with an average slope of β≈ 0.29, and 93.6%
or the single-step-stretching group, with an average slope of β
 0.38. A comparison between substrates treated with distinct
tretching conditions demonstrates clearly that two-step orthog-
nal stretching substantially improves the number of detectable
aman events, particularly at concentrations approaching the
ingle-molecule detection limit. Meanwhile, this strategy reduces
he batch-to-batch relative standard deviation (RSD) of SERS
ubstrates by approximately 5%–10% for a fixed analyte concen-
ration. These findings lay the foundation for highly sensitive
nd reliable quantitative detection of analytes. Detections of
dditional analyte molecules further corroborate this conclusion.
igure 5f shows the SERS measurements of 4-MPY solutions at
oncentrations ranging from 10− 8 to 10− 12 m under the two-step-
tretched condition. The inset in Figure 5f displays the averaged
ERS spectra. Characteristic peaks of 4-MPY can be observed
t 1007 and 1090 cm− 1 , which are consistent with previous
eports [ 27, 52 ]. Meanwhile, the probability of positive events
s a function of 4-MPY molecular concentration exhibits an
xcellent linear relationship, with R2 of ∼ 97.9%. Additional SERS
easurements for small-molecule analytes (i.e., urea, sodium
actate, and artificial sweat) are provided in Figures S10 and
11 . It should be mentioned that the LDC in here is defined
ased on ratio of the RSD of batch-to-batch measurements on
pecific molecular concentration to the average probability of
ositive SERS events ̄P . We consider that the substrate can reliably
esolve molecular concentration features if 𝑅𝑆 𝐷∕𝑃̄ ≤ 𝑇 , where
 = 30 is our predefined threshold. Our experiments show that
he substrate achieves LDCs for R6G below 10− 1 2 M and 10− 14
 under single and second stretching, respectively, whereas the
DC of 4-MPY upon the second stretch is around 10− 1 2 M. 

o confirm the single-molecule sensitivity of our system, we
erform bi-analyte SERS measurements on the mixed solutions
ontaining 10− 14 m R6G and 10− 11 m 4-MPY molecules [ 53 ].
aman peaks at 613/775 cm− 1 (R6G) and 1007/1090 cm− 1 (4-MPY)
xtracted from 1600 scanning spectra are statistically analysed,
hich are illustrated in Figure S12 . Figure 5g presents typical
of 12
bi-analyte spectra corresponding to four different events. The
representative spectra corresponding to the four types of events
are shown in Figure S13 . In contrast to highly concentrated
solutions of the two analytes, which usually generate distinct
mixed spectra, the acquired spectra in our measurements are
dominated by four cases: signals from a single analyte (R6G event,
blue curve, and 4-MPY event, red curve), mixed signals from one
R6G molecule together with one 4-MPY molecule (mixed event,
green curve), and no detectable signals (null event, black curve).
The proportion of R6G events, 4-MPY events, and mixed events
is approximately 5:4:1, as depicted in Figure 5h , which agrees
with recently reported ratios of single-molecule sensitivity [ 53–
55 ]. Apart from the rough analysis, we also implement a more
rigorous statistical analysis based on modified principal compo-
nent analysis (MPCA) [ 54 ] (see Figure S1 ). Figure 5i presents
the statistical histogram of the single-molecule frequency derived
from MPCA. The histogram is dominated by the single-molecule
events of P ≈ 1 (R6G event) and P ≈ 0 (4-MPY event), which
verifies the single-molecule detection regime for our system. The
discrepancy in contributions between the P ≈ 1 and P ≈ 0 events
arises from the distinct Raman scattering cross sections of R6G
and 4-MPY molecules [ 56 ]. 

2.3 Quantitative SERS Detection of Hemoglobin 

Using such a high-sensitivity SERS platform, we performed
sensor measurements on the large biomolecule hemoglobin (Hb).
Hb is a heterotetrameric protein that facilitates the transport
of oxygen in red blood cells and possesses a molecular weight
of 64 kDa. Figure 6a shows the average SERS spectra of Hb at
concentrations ranging from 10 ng/mL to 10 pg/mL, where Hb
was dispersed in phosphate buffer solution with a pH of 7.2–
7.4. Characteristic peaks of Hb at 764, 1000, 1134, 1304, 1380,
and 1455 cm− 1 , as highlighted by black dotted lines, can be
observed, which are basically consistent with recently reported
works [ 35, 57–59 ]. Although the concentration of the Hb solution
decreases to 10 pg/mL, its characteristic Raman peaks can still
be clearly resolved. It should be mentioned that the peaks at
1160 cm− 1 partially overlapping with the Hb characteristic peak
at 1134 cm− 1 , originates from the Raman response of PDMS
substrate (see Figure S14 ). Through double-peak fitting, these
overlapping peaks are deconvoluted into the red-filled and blue-
filled components, respectively. Figure 6b shows 2D spatial
mapping results for 10 pg/mL Hb solution within a 70 µm ×70 µm
area. The map is plotted based on the characteristic peak at 764
cm− 1 , which corresponds to the symmetric breathing vibration
of the indole ring of tryptophan [ 57 ]. Statistical analysis reveals
that approximately 120 effective molecular signals were detected
among all 4900 scanned points, corresponding to roughly 2.45%
of the total scanned sites. By statistically analyzing positive
SERS events for Hb solutions of varying concentrations (see
Figure 6c ), we established a quantitative correlation between
PPV and molecular concentration, as illustrated in Figure 6d
on a logarithmic scale. The red discrete points with error bars
correspond to the statistical average obtained from three repeated
measurements of the two-step-stretching substrate, while the
blue discrete points are those collected from the one-step-
stretching substrate. Obviously, the newly proposed sensing
system or sensing strategy exhibits a lower detection limit and
more reliable linear quantitative correlations between PPV and
Advanced Functional Materials, 2026
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FIGURE 6 SERS measurements on the biomolecule hemoglobin. (a) SERS spectra of Hb solutions with different concentrations conducted on 
flexible substrates under two-step-stretching conditions; (b) Spatially scanned measurements for 10 pg/mL Hb solution within a 70 µm ×70 µm mapping 
area; (c) Statistical analysis of positive signal events of Hb solutions with different concentrations; (d) Quantitative correlation between PPV and 
molecular concentration for two-step-stretching (red discrete points) and one-step-stretching (blue discrete points) substrates. 
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olecular concentration with R2 ≈ 98%, and with a slope of β ≈

.358 (the corresponding 95% confidence interval is [0.232, 0.486])
nd. The R2 , slope β, and 95% confidence interval obtained from
he linear fitting of the single-stretching measurement are about
1%, 0.359 and [0.227, 0.49], respectively. Overall, sensing mea-
urements on the above diverse molecules fully demonstrate the
xcellent versatility and reliable quantitative-detection capability
f this system. A detailed performance comparison between this
ork and previous studies on tunable nanogaps is presented in
able S1 . 

 Conclusions 

n this study, we propose a stepwise plasmonic nanogap modula-
ion strategy that enables sequential regulation of nanogap expan-
ion and contraction on stretchable substrates decorated with ran-
omly distributed silver nanoparticles. This strategy features high
fficiency, superior precision, facile operation, and low fabrica-
ion cost. More importantly, the versatile tunability of plasmonic
anogaps greatly facilitates the trapping and deposition of analyte
olecules and sequential SERS enhancement. Such favorable
erformances are well validated by SERS intensity responses
rom analytes as well as the statistical proportion of positive
ERS events obtained via scanning measurements. Furthermore,
ERS tests on diverse targets, including small molecules (R6G,
-MPY, urea, and sodium lactate), large biomolecules (Hb), and
ual-analyte mixtures, distinctly demonstrate the high sensitivity,
dvanced Functional Materials, 2026
excellent reconfigurability, and reliable quantitative-detection
capability of the developed SERS sensing platform. 

4 Methods 

4.1 Fabrication of the SERS Substrate 

The flexible substrate was first trimmed into a cross-shaped geom-
etry to facilitate subsequent two-step orthogonal stretching. The
pre-processed substrate was ultrasonically cleaned in an alcohol
solution for 30 min to remove surface contaminants, and then
transferred to a thermal evaporation system. After 2 h of vacuum
pumping, silver was thermally evaporated onto the substrate
surface at an average deposition rate of 0.1 Å/s. Benefiting from
the intrinsic micro-nano roughness of the substrate, a uniform
and randomly distributed monolayer of Ag nanoparticles was
successfully fabricated after 15–20 min of evaporation. 

4.2 Optical Spectroscopic Characterizations 

The flexible SERS substrate was mounted on a stretchable
translation stage (see Figure S2 ), which was integrated into a
home-made transmission/reflection spectral measurement sys-
tem. A supercontinuum white-light laser was utilized as the
incident light source in this setup. The incident beam passed
through a polarizer and then irradiated normally onto the surface
9 of 12
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f the flexible SERS substrate, where either TE or TM polarization
an be chosen during the measurements. A fiber spectrometer
as employed to collect the transmission and reflection spectra
f the substrate. Finally, the absorption spectra of the substrate
nder different stretching strains were quantitatively calculated
ccording to the formula of A = 1 − T − R, where A, T and
 denote the absorption, transmission, and reflection spectra,
espectively. 

.3 Numerical Simulations 

imulations of optical absorption spectra and electric field
ntensity distribution were performed using Finite-Difference
ime-Domain (FDTD) software, in which the 3D Mie scattering
ode was adopted. Correspondingly, perfectly matched layer
PML) boundary conditions were applied to all four boundaries.
he Total Field Scattered Field (TFSF) source was placed between
he scattering and absorption monitors, maintaining a gap of at
east two mesh cells between the TFSF boundary and the Ag
anoparticles. A minimum mesh cell size of 1 nm was used. The
ptical constants of silver were taken from Ref. [ 60 ], and the
ntire structure was surrounded by a homogeneous medium with
 refractive index of n = 1. 

.4 SERS Measurements 

fter the flexible SERS substrate was pre-stretched to a certain
ength, approximately 2 µL analyte solution was drop-cast onto
ts surface. The sample was left to dry completely for about 30
in before subsequent SERS measurements. A reflective confocal
aman microscope with an excitation laser at λexc = 532 nm
through a 100 × objective lens) was applied with a beam spot
ize of 800 nm in diameter. The Raman spectra were recorded
rom an upright-configured confocal microscope equipped with
n iHR320 CCD detector. The laser output power was maintained
t about 0.15 mW for all measurements. Moreover, during SERS
ests upon secondary stretching, the polarization of the excitation
ight was maintained perpendicular to the substrate-stretching
irection. The integration time for SERS spectra and the number
f accumulations per spectrum were fixed at 1 s and 1, respectively.

ather than making the standard assumption that Raman scat-
ering arises only from a monolayer of molecules that cover the
ffective surface of the nanostructures, we here employ a measure
efined by the averaged enhancement factor that originates from
ll molecules in the system: 

𝐸𝐹 = 𝐼 

𝐼0 

𝐶0 
𝐶 

𝑃0 
𝑃 

here I is the Raman intensity, C is the concentration of the
olecular solution, P is the laser power. I0 , C0 , and P0 are the
orresponding values for the reference substrate, such as a pure
g film. 
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