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ABSTRACT: Surface-enhanced Raman Scattering spectroscopy 100%. 2-napthalenethiol
has transformed trace analyte detection by harnessing localized
surface plasmon resonance. Hybrid plasmonic—photonic modes o 8% \Wﬁg::ﬁfgﬁgﬁf &f:f[gggr
have been shown to further improve enhancement factors by 8 — iieonant

o ce 2B o Pt S
tailoring the resonant wavelength. Here, we use a surface lattice =2 Lattice
resonance-based platform tuned to amplify the Stokes-shifted @ 5 40% ] )
Raman emission band produced by using capillarity-assisted Ag F B Signal Retention
nanoparticle assembly. Additionally, we transferred graphene onto % 20% Graphene  3po,
these substrates to evaluate its effect on the long-term retention of o Protected
the analyte signal. We monitored the Raman signature of 2- 0%} Unprotected 0%

naphthalenethiol on substrates with and without transferred S g0 200 250 300
graphene sheets over 1 year since initial exposure. Signal intensities Time (Days)

from both the unprotected (U) and graphene-protected (G)

samples were projected onto the principal components to evaluate the spectral traits and monitor how the spectra change over time.
The results showed that both U and G samples initially exhibited a detection score of approximately 80%. While the U sample
completely lost its Raman signal after 300 days, the G sample retained a detection score of about 30%, which remained stable even
after 344 days. We attribute the retained signal on the G substrate to two phenomena: (i) graphene prevents the degradation of
plasmonic particles and (ii) helps retain the analyte on the substrate. Moreover, the ratio of Raman peaks coinciding with the lattice
resonance vs off-resonance peaks was higher compared to a reference measurement. This underscores the potential of graphene—
silver hybrid platforms for applications requiring sustained analyte signature, where a long shelf life and prolonged detection over

time could facilitate repeated measurements or continuous monitoring without the need for frequent sample replacement on site.

Bl INTRODUCTION of localized plasmonic enhancement, SERS relies on
engineered substrates rather than a single probe.

SERS substrates are typically composed of noble metal
nanostructures that support localized surface plasmon
resonances (LSPRs)—collective oscillations of conduction
electrons excited by an electromagnetic field (EM).” Among
commonly used metals for SERS substrates, silver (Ag) is the
most effective due to its low optical losses and tunable
properties enabled by advanced wet-chemistry synthesis
techniques.”'*™'* Strategies to enhance Raman signals usmg
silver-based substrates include the use of diverse supports, .
periodic arrays exploiting surface lattice resonance,"””"
bimetallic nano shells'*™*’ and isolating silver nanoparticles
for cross sectional enhancement strategy.”' Despite these

Raman spectroscopy, especially with advancements in surface-
enhanced Raman scattering spectroscopy (SERS), has become
a preferred analytical technique for identifying and differ-
entiating molecules at low concentrations. This technique,
based on the unique material fingerprint of vibrational energy
levels, is used across diverse fields, including surface and
interface chemistry, catalysis, biology, biomedicine, food
science, forensic science, pharmacology, and environmental
analysis." ™ The continuous drive for greater sensitivity and
broader applicability in Raman spectroscopy has encouraged
innovations across the field of optical spectroscopy. For
instance, in coherent techniques like stimulated Raman
scattering microscopy (SRS),” advances in instrumentation—
particularly in beam shaping and aberration correction—are

enabling faster, high-resolution imaging at greater tissue Received: March 31, 2025
depths. Concurrently, progress in near-field probe design, Revised:  August 3, 2025
exemplified by tip-enhanced Raman scattering (TERS),” is Accepted:  August 6, 2025

addressing key limitations such as the weak adsorption of Published: August 13, 2025

analytes on plasmonic surfaces, thereby enhancing signal
strength and spatial resolution. Harnessing this same principle
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Figure 1. Schematic workflow of the fabrication and analysis process: (A) fabrication of a PDMS substrate by replicating a structured silicon
master; (B) deposition of Ag nanoparticles onto the PDMS template using the capillarity-assisted particle assembly (CAPA) method, producing
two identical samples (C) and (D); (E) graphene growth on annealed Cu foil via plasma-enhanced chemical vapor deposition (PECVD); (F)
graphene transfer onto the Sample G using a lamination method with a poly(vinyl alcohol) (PVA) film; (G) exposure of both samples to the

analyte; (H) periodic Raman spectroscopy analysis over time.

advantages, silver is highly susceptible to oxidation and
sulfuration, especially when exposed to aqueous environ-
ments.”” Its usage as SERS-active material faces further
challenges in terms of producing inexpensive, reproducible,
and highly effective substrates.”” Additionally, the shelf life of
SERS substrates is crucial for preserving their sensitivity. If
substrates degrade or lose their enhancement properties over
time, detection results may become inconsistent and
unreliable, even under normal laboratory storage conditions,
often due to contamination. To mitigate this issue, substrates
that are not inherently protected should undergo additional
treatments, such as ion cleaning,24 to remove surface
contaminants like sulfur, chlorine, carbon, and oxygen, which
contribute to the degradation of SERS activity.

Graphene—plasmonic hybrid platforms have recently
attracted considerable interest as a possible solution to some
of the shortcomings.””>">° Graphene, a monolayer of sp
bonded carbon atoms arranged in a honeycomb-like structure,
has great potential in sensing and biosensing.’*>* It is also an
excellent choice for hybridization with metal nanoparticles to
enhance their SERS effect due to its electronic properties,
chemical inertness and, more importantly, impermeability.**
These attributes enable graphene to improve Raman signal
detection through mechanisms such as fluorescence quench-
ing,35 surface passivation, molecule adsorption, and chemical
mechanism (CM) enhancement.”**®*” Several studies have
demonstrated the typical characteristics of CM in graphene-
enhanced Raman scattering spectroscopy (GERS) including
the first-layer effect, the distance dependence between
graphene and analyte molecules,”® ** the energy alignment
between the Fermi level and the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of the molecule,""** and the influence of molecular
orientation.” Notably, while the contribution of CM is small
compared to that of EM, combining both mechanisms ensures
higher SERS performance. It should also be noted that the
surface plasmon resonance of graphene lies in the THz region,
therefore EM enhancement by graphene itself can be excluded
when using excitation in the visible range.*®

In particular, the protective role of graphene as an overlayer
on irregularly distributed silver particles has been highlighted
in a few recent studies. Zhang et al.** presented a sensitive
SERS substrate using a hybrid structure composed of
graphene, a silver film, and a laser-textured silicon surface.
They showed that the graphene layer reduced SERS signal loss

to less than 23% after S0 days of exposure to ambient air
compared to significant degradation of substrates without
graphene. Osvath et al.** synthesized graphene—silver nano-
particle hybrids on highly oriented pyrolytic graphite (HOPG)
substrates. They reported that the graphene-covered Ag NPs
preserved their LSPR for 3 months, whereas unprotected Ag
NPs lost the plasmonic properties completely after 1 month
under ambient conditions. Gong et al.*® have reported
graphene-coated Ag nanohole arrays. Nevertheless, although
the protective nature of graphene is established, its integration
with resonant plasmonic lattices featuring surface lattice
resonances remains unexplored, and key questions regarding
practical long-term signal stability persist.

Noble metal nanoparticles in periodic arrays exhibit higher
resonance Q-factor values (Q = 1/A1 = ~100) than single
particles (Q = ~5).*” This effect, called plasmonic surface
lattice resonance (SLR), occurs when the Rayleigh anomaly
(RA) spectrally aligns with the LSPR. SLR manifests as a
narrow dip in the optical transmission spectrum, which can be
tuned via the interplay between the RA and LSPR. Even
though the EM field becomes delocalized because of the
hybridization with the photonic mode, the overall EM field
enhancement in the vicinity of nanoparticles increases.'"**~>°
In SERS, this resonance can be optimized for the Raman
measurement'>'”*"? with peak enhancement expected when
the SLR is between the excitation and Stokes-shifted
wavelengths.>> This has been validated in multiple stud-
ies.”* > Kerker et al.”’ described this process as (1)
enhancement of the incident light at the excitation wavelength
and (2) amplification of Raman-scattered photons at the
Stokes-shifted wavelength. Kumar et al.>® confirmed that the
EF relates to the product of the squared local field amplitudes
at both excitation and emission wavelengths.

In this work, we demonstrate a year-long study of the
stability of a graphene-enhanced SERS platform based on
assembled periodic arrays of colloidal silver nanoparticles. Our
platform is specifically engineered to feature an SLR peak
tuned to the Stokes-shifted band of 2-naphthalenethiol (2NT).
We employ Principal Component Analysis (PCA) to
investigate the influence of graphene as an overlayer and
study the evolution of the Raman signal over a year from the
initial exposure to the analyte. Our findings suggest how
graphene might have a dual role in retaining the SERS signal in
such systems. This study is particularly relevant for applications
such as environmental monitoring, food safety, and biomedical
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diagnostics, where enhanced analyte and signal retention can
enable prolonged exposure to trace analytes in repeated
measurements or continuous monitoring without frequent
sample preparation.

B MATERIALS AND METHODS

The schematic of the fabrication process of SERS substrates,
designated as unprotected (U) and graphene-protected (G), is
shown in Figure 1 (see Figure S1 for more details). Each step
in the process is detailed in the following sections.

B SERS SUBSTRATE FABRICATION

Silver nanocubes were synthesized using a modified polyol
method, where polyvinylpyrrolidone (PVP) controlled the
shape evolution, yielding monodisperse nanocubes with an
average size around 77 + 3 nm, as detailed elsewhere.”® The
templates for nanoparticle assembly were prepared by molding
a structured Si stamp onto a polydimethylsiloxane (PDMS)
film via soft-lithography. The silicon master stamp was
fabricated using standard lithographic gatterning and etching
techniques presented in previous work™ and comprised a 20
mm X 20 mm array of round pillars with a diameter of 180 nm,
a height of 100 nm, and periodicity of 400 nm. The
nanoparticles were assembled into the templates using
capillarity-assisted particle assembly (CAPA).°" Before depo-
sition, the concentration of the nanoparticles was increased by
centrifugation and the solvent was replaced with a 1:2 mixture
of ethanol and dimethylformamide (DMF). The polyvinylpyr-
rolidone (PVP) coating enhanced colloidal stability in DMFE.*’
The assembly was performed using a custom-built setup, where
a PDMS template was placed on the stage moving at 1 ym/s,
and 100 pL of silver nanoparticle suspension was dispensed
and confined with a fixed microscope slide. A detailed
description of the assembly process can be found in our
previous work.”® Fabricated SERS-active substrates were
cleaned with 0.1 M hydrochloric acid for 30 s and then rinsed
with ethanol and deionized water to remove the PVP polymer.

B GRAPHENE LAYER SYNTHESIS AND TRANSFER

Graphene layers were synthesized using microwave plasma-
enhanced chemical vapor dezposition (PECVD) with copper
foil as the catalytic material.”* A commercial copper (Cu) foil
with a thickness of 45 ym and dimensions of 2 cm X 2 cm was
first cleaned by sonication in acetone and isopropanol for 5
min each to remove organic residues. The cleaned foil was
then placed in a quartz furnace at atmospheric pressure and
subsequently supplied with 200 sccm of pure argon gas
(99.9999%). The foil was annealed at S00 °C for 1 h,
promoting the formation of Cu,O layer on the surface. This
oxidation plays a crucial role in suppressing the nucleation
density of graphene domains, thereby facilitating the growth of
larger and more continuous graé)hene films, which are
beneficial for high-quality synthesis.’

The Cu foil was then placed in a PECVD chamber on a
metal pad featuring a central hole to elevate the foil above the
sample holder to maintain a uniform temperature during the
synthesis process. Prior to graphene growth, the Cu foil
underwent a precleaning step using hydrogen (H,) plasma at a
flow rate of 200 sccm for 30 min under a pressure of 24 mbar.
The plasma power was 1.1 kW, while a constant temperature
of 550 °C was maintained solely through microwave induction
and plasma-species collisions, without any additional heating.

Following precleaning, graphene growth was initiated by
introducing methane (CH,) as a carbon source at a flow rate
of 25 sccm, while keeping all other parameters unchanged.
After a 10 min growth stage, the plasma was turned off,
allowing the system to cool down naturally. The device
returned to room temperature over a period of approximately 2
h.

The synthesized graphene-coated Cu foil was then extracted
for subsequent transfer and further characterization. Commer-
cial water-soluble poly(vinyl alcohol) (PVA) films with paper
backing were used for graphene transfer from the copper foil to
SERS substrate. The PVA film was laminated onto the
graphene-coated copper foil using a commercial hot-roll
laminator at 110 °C and operated at low speed to prevent
bubbling. The laminated foil was then baked on a preheated
hot plate at 110 °C to enhance adhesion between the PVA film
and graphene. The PVA film, along with the graphene, was
detached from the copper foil and carefully laminated onto the
SERS substrate with assembled nanoparticles several times.
The paper backing was then removed, and the PVA was
dissolved by immersing the substrate in deionized water
overnight at room temperature.”* This specific set of transfer
parameters was found to provide an effective balance between
maintaining the structural integrity of the graphene layer and
achieving sufficient conformal adhesion to the topographically
patterned PDMS substrate.

B CHARACTERIZATION TECHNIQUES

The UV—vis transmittance spectra of the fabricated array of
nanoparticles on the patterned PDMS substrate were measured
using an optical fiber-coupled spectrometer (AvaSpec-2048,
Avantes; resolution 1.2 nm) and a custom-made collimated
light source covering the 400—800 nm range.65

2NT, a simple aromatic molecule with an extended -
conjugated system, was used to evaluate the long-term
retention of its Raman signal on two SERS substrates (U
and G) after immersion in a 107" M solution. SERS
measurements were conducted using a Raman microscope
equipped with a thermoelectrically cooled CCD detector,
InVia (Renishaw). Measurements were performed using a 532
nm laser excitation source at 0.3 mW power, with an exposure
time of 60 s and a SOX objective lens (other measurement
parameters are listed in Table S1 in the Supporting
Information). The U and G samples were measured at eight
time points: immediately after exposure and after 10, 16, 24,
35, 108, 303, and 344 days. Reference samples of pure 2NT,
PDMS, and graphene were also measured to establish a
reference data set for evaluation purposes.

Bl DATA ANALYSIS

To systematically analyze the Raman scattering data (range:
480—1650 cm™') and evaluate the spectral characteristics, a
multistep data processing workflow was implemented. The
Raman spectra from each sample were imported and
preprocessed using a custom MATLAB script. Noise in the
raw spectra was mitigated using a Savitzky—Golay filter to
enhance signal clarity. The spectral baseline was corrected
using a nonquadratic asymmetric Huber function,”® which
effectively removes broad, nonspecific background signals
while preserving analyte-specific Raman signatures. Unlike
traditional least-squares estimation, which minimizes a
quadratic cost function, the Huber function minimizes a
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nonquadratic cost function, offering a more robust solution for
this type of spectral data.

All spectra were normalized by dividing the intensity values
by the Euclidean norm of the spectral vector to ensure
comparability across data sets. The spectra were then
interpolated to a common Raman shift range, enabling a
consistent data alignment for multivariate analysis. Reference
spectra (collected from pure crystalline 2NT, the PDMS
substrate, and graphene layers) were analyzed by using
Principal Component Analysis (PCA) to extract principal
components (PCs) that capture dominant variance patterns
across the distinct signatures of the reference materials. Raman
spectra from both the U and G samples at various time points
were projected onto the PCs derived from the reference
spectra. See the Supporting Information for more details on
the PCA method.

B RESULTS AND DISCUSSION

Characteristics of SERS Substrate. SERS enhancement
on a resonant lattice is primarily governed by the spectral
positioning of the SLR. Here, we selectively target the Stokes-
shifted scattering wavelengths of 2NT in the range of 811—
1556 cm™". For the wavelength of the used excitation laser
(532 nm), this range of Raman shifts corresponds to 556—580
nm. The RA wavelength at normal incidence for a square
grating in PDMS is defined by Az, = A X n. The SLR closely
follows the RA, provided that the individual nanoparticle
dipolar LSPR is blue-shifted with respect to it. Therefore, the
condition for targeted SERS enhancement can be expected
using a 400 nm square grating in PDMS (A = 400 nm,
refr;igtg(;index, n =~ 1.4), where the RA wavelength is ~560
nm. 7"’

Figure 2A shows the UV—vis extinction spectrum of the
periodic arrays of silver nanoparticles on PDMS measured at
normal incidence following assembly. The spectrum exhibits
two distinct peaks: a broad peak around 430 nm and a sharper
peak near 570 nm. The broad peak corresponds to the
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Figure 2. (A) UV—vis extinction spectrum of periodic arrays of silver
nanoparticles on PDMS, measured at normal incidence following
initial deposition. (B) Scanning electron microscopy (SEM) image of
nanoparticle (NP) arrays on PDMS.

quadrupolar LSPR of the individual silver nanoparticles. The
dipolar LSPR, although imperceptible in the spectrum,
hybridizes with the photonic RA mode®” and appears as a
sharp SLR peak at ~570 nm, matching the wavelength range
for the amplification of 2NT signal. Figure 2B presents an SEM
micrograph of the assembled plasmonic structure. The
uniformity of the traps in the patterned substrate ensures a
consistent spacing and geometry across the array, contributing
to the reproducibility and scalability of the plasmonic
substrate.

Raman Scattering Spectroscopy. Figure 3 presents the
Raman spectrum of graphene used in this study. Seven bands

o Datapoints 2D
WD Fits

D

Raman Intensity, a. u.

1000 1500 2000 2500 3000 3500
Raman Shift, cm™

Figure 3. A representative Raman spectrum of the reference graphene
sample on copper foil with fitted bands overlaid.

have been identified in the spectrum: four prominent bands in
the first-region (D, G, D’, and 2D bands) and three less-
prominent bands in the second-order region (G*, D+D’, and
2D’ bands). The spectral positions and other specifications of
these bands are listed in Table 1.

Table 1. Fitting Results for the Graphene Reference Sample
Obtained Using the 7-Band Fitting Model

Band Center ((m™)  FWHM (cm™') Intensity Fit Type
D 1345.1 20.8 1.76 Voigt
G 1581.6 21.8 1.00 Voigt
D’ 1621.9 15.0 0.24 Gaussian
G* 2461.2 95.0 0.13 Gaussian
2D 2685.5 33.8 2.34 Voigt
D+D’ 2940.8 76.1 0.17 Gaussian
2D’ 3244.9 45.2 0.20 Gaussian

The D band corresponds to phonons activated only in
disordered structures and is associated with sp> hybridization
from double resonance scattering. The G band arises from
single-resonance vibrations of the in-plane E,, mode,
representing the planar sp®-bonded carbon configuration.
The D’ band represents a double resonance mode activated
by a disordered graphitic lattice, with its intensity increasing as
more defects are introduced.

The Raman spectrum in Figure 3 confirms the synthesis of
single-layer graphene with a significant density of structural
defects. The definitive evidence for a monolayer is the 2D
peak, which is sharp, symmetric, and well-fitted by a single
Voigt function with a FWHM of ~34 cm™". This conclusion is
further supported by the high I, intensity ratio of ~2.68.°
The high I, ratio of ~2.2 suggests a high concentration of
defects, which is expected from a low-temperature growth
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Figure 4. (A) Averaged and normalized Raman spectra for reference samples: graphene (green), PDMS (purple), and 2NT (yellow), with vertical
lines indicating characteristic peak positions. Peaks I, II, and III mark the 2NT peaks used for selective amplification analysis. (B) The temporal
evolution of Raman spectra for 2NT on SERS substrates on sample G in blue and sample U in orange, recorded over a period from day 1 to day
344 since initial exposure to the analyte. The shaded region marks the SLR-enhanced range.

Table 2. Normalized Intensities and Calculated Enhancement Factors (EFs) for Characteristic Raman Peaks of 2NT“

Peak Position (cm™) (Reference)
I (off resonance) 766 1
1I (on resonance) 1082
111 (on resonance) 1380

Normalized Intensity (Reference)

0.38 + 0.03
1.92 £ 0.11

Normalized Intensity (SERS) Enhancement Factor (EF)

1 x1
3.39 £ 0.16 x8.92 + 0.78
6.80 + 0.30 x3.54 + 0.26

“Peak I (766 cm™"), located outside the SLR range, serves as the normalization reference.

process and is likely related to vacancies and nonuniform grain
boundaries. These structural defects can also be responsible for
other observed spectral features in highly disordered systems.
The G band position,69 less prominent bands in the second-
order region (2300—3300 cm™),”" and the G* band”' can
sometimes be associated with multiple layers, but here we
attribute them to defect-induced compressive strain and/or
unintentional doping.

Figure 4 presents the averaged Raman spectra obtained from
measurements of the reference samples, including PDMS,
graphene, and 2NT molecules (Figure 4A), along with the
temporal evolution of SERS measurements on U and G
substrates over time (Figure 4B). Measurements were
performed immediately after exposure to the analyte and
after 10, 16, 24, 35, 108, 303, and 344 days. It is important to
mention that the substrates were not repeatedly exposed to the
analyte for every measurement. Vertical lines in the figure
indicate characteristic peak positions within the Raman shift
range from 480 to 1650 cm™.

The PDMS reference spectrum exhibits distinct peaks at
490, 612, 705, 1260, and 1410 cm™"."*”* The 2NT molecule
peaks are observed at 515, 599, 766, and 1020 cm™! which
correspond to ring deformation and C—H bending, 1082 cm™
associated with ring breathing coupled with C—S stretching
and in-plane C—H bending, 1380 cm™ representing the D-
mode of the aromatic rings, 1433 and 1455 cm ™! attributed to
in-plane C—H bending coupled with ring C=C stretching and

C—S stretching, and 1570 and 1622 cm™" corresponding to the
characteristic C=C stretching modes of the aromatic ring.

SLR-Based SERS Enhancement. To assess the enhance-
ment provided by our SERS substrates, we analyzed three
relatively dominant and isolated characteristic Raman peaks of
the 2NT: Peak I at approximately 766 cm ™', Peak II at 1082
cm™!, and Peak III at 1380 cm™" (see Figure S2). Peak I lies
outside the SLR enhancement range, which is expected to
remain unaffected by the SLR and thus serves as an internal
reference, whereas Peaks II and III are positioned within the
SLR resonance region (556—580 nm). These latter peaks are
expected to be selectively enhanced by the SLR effect.

Gaussian peak fitting was applied to both the 2NT reference
and the SERS spectra from both U and G samples obtained
during the initial month, providing normalized peak intensities
relative to Peak I. The calculated enhancement factors reflect
selective amplification of Peaks II and III under SERS
conditions (Table 2). The comparison clearly illustrates the
relative increase in intensity for Peaks II and III, suggesting
that their enhancement correlates directly with the position of
the SLR peak.

Principal Component Analysis. The Raman spectral data
of the reference samples were subjected to PCA to identify the
patterns of variance. It is important to note that Raman
analysis often relies on relative peak intensity ratios or peak
fitting to derive metrics. However, these methods struggle with
overlapping peaks and trace concentrations, as they reduce the
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Figure S. (a) PCA score plot showing the clustering of reference signatures (2NT, PDMS, and graphene) and the intermediate positions of SERS
observations from samples U and G over time. PC1 (59.35% variance) separates the 2NT and PDMS reference signatures, while PC2 (34.55%
variance) mainly captures the graphene signature. Standard error bands (shaded regions) illustrate the variability of mean scores. (b) Analyte
detection scores (based on normalized PC1) for samples U and G as a function of time. Detection scores for sample U decline from 70 to 80%
initially to 30% by day 108 and become indistinguishable from PDMS after 300 days. In contrast, sample G retains ~40% of its initial detection

score after 100 days, stabilizing at ~29.7%.

spectral data set to a single parameter, leading to a loss of
critical information.”> PCA addresses these challenges by
leveraging the entire spectral data set, capturing both
prominent and subtle variations, and generating a set of
robust metrics known as principal components (PCs). By
plotting our observation points against the first two principal
components in Figure SA, we visualized 95% of the variance in
the high-dimensional spectral data set, with PC1 capturing
~60% and PC2 accounting for ~35% of the variance. The
scree plot (Figure S3) confirms that PC1 and PC2 together
explain nearly 94% of the total variance, with an elbow point at
PC3, justifying the selection of the first two components for
spectral differentiation.

Distinct clustering of the reference samples for PDMS (+0.7
on PC1) and 2NT (—0.65 on PC1) clearly separates their
Raman signatures. Within this PCA space, the measurements
taken on the SERS substrate span intermediate positions from
—0.4 to +0.6 on PCl, reflecting the relative contributions of
PDMS and 2NT in the spectra. This projection effectively
illustrates the relative concentration of each reference
signature. Observations with stronger 2NT signature cluster
near the 2NT reference (—0.4 < PC1 < —0.2), while those
dominated by PDMS signature shift toward positive PCI1
scores, closer to the PDMS reference. These findings confirm
PC1 as a reliable metric for evaluating the relative
concentration of 2NT vs the PDMS background. The second
principal component (PC2) primarily distinguishes the
graphene signature at PC2 = —0.7 from the other two
references with positive scores. As a result, SERS spectra from
sample G align more closely with the graphene reference
compared to the U series.

By normalizing PC1 scores linearly, we created a
quantitative score for analyte detection ranging from 0% (no
2NT detected) to 100% (pure 2NT detected). We used this

metric to track the time-dependent evolution of the SERS
signal, as illustrated in Figure SB. Results revealed that both U
and G samples initially showed a detection score of around
80%. After 300 days, the U sample completely lost the Raman
signal, while the G sample still exhibited a detection score of
approximately 30% and retained it after 344 days. The decay
curve for the U sample follows a trend that can be
approximated by an exponential decay, a pattern consistent
with first-order kinetic processes that often govern material
degradation and analyte desorption.

It should be noted that PCA has limitations, particularly in
handling nonlinear combinations of components or variations
in spectral characteristics. For instance, variations in graphene’s
D/G ratio across observations result in shifts in PC2, with
some observations from the G sample moving further from the
graphene reference. Peak shifts or new peaks emerging from
molecular bonding can also reduce PCA’s sensitivity, as
demonstrated by the 2NT peak shifting from 1080 cm™ in its
crystalline form (reference) to 1070 cm™' on the SERS
substrate.”* Despite these challenges, PCA proved effective by
detecting the 2NT signal (Detection Score = 30%) in sample
U at Day 108, even when the isolated 1070 cm™ band was no
longer detectable (Supplementary Figure S4). This under-
scores PCA’s capability compared to manual peak-fitting
methods for generalized spectral analysis and long-term
monitoring.

B DISCUSSION

The results indicate that during the first month, the detection
score remained relatively stable and even higher for sample U.
This observation aligns with the findings of Gong et al,*® who
reported a slightly higher enhancement factor for bare metal
substrates. This effect can be attributed to the additional
distance introduced by graphene layers compared with the
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direct interaction between analyte molecules and metal
particles. Over time, however, both samples exhibited a decline
in the signal intensity. While the detection score for sample G
stabilized at approximately 29.7%, the score of sample U
dropped to zero. The decline is primarily due to oxidation and
sulfurization, which degrades nanoparticles directly exposed
to the analyte and ambient air. In our study, this degradation
was further intensified by the strong chemisorption between
the thiol (-SH) groups of 2NT and the silver surface, initiating
chemical reactions that progressively deteriorated the
plasmonic properties and, in turn, promoted analyte
desorption, leading to a complete loss of the SERS effect in
U samples under a natural atmosphere.

Despite some degradation in sample G due to inhomoge-
neous graphene coverage and defects introduced during
transfer, the sample retained detectable spectral features of
the 2NT over extended periods. We attribute this stabilization
to two key factors: (1) physical barrier effect and (2) enhanced
adsorption equilibrium. In regions of complete coverage, the
impermeable graphene layer shields the silver nanoparticles
from ambient air and the analyte solution, preventing the
oxidative and chemical degradation that leads to the loss of
plasmonic properties.” Second, graphene provides a stable
surface for analyte retention through z—n stacking. This
interaction, which is strongest when the aromatic rings of 2-
NT are oriented parallel to the graphene surface, alters the
long-term adsorption/desorption equilibrium.” Although 7—7x
stacking interaction is weaker compared to covalent bonds
formed by thiol groups with metal particles, they are still
significant when the substrate is an aromatic system like
graphene.”®”” Moreover, it has been shown that the presence
of defects facilitates better attachment of probe molecules.”®
Smith and Kay”” demonstrated that benzene remains adsorbed
on graphene surfaces via van der Waals interactions, exhibitin%
first-order desorption kinetics. Similarly, Chakradhar et al®
showed that while the interaction strength between benzene
and graphene can be modulated by the underlying substrate, it
remains sufficiently robust to delay desorption. These two
mechanisms result in a stable, long-term population of
adsorbed molecules, explaining the sustained SERS signal on
sample G, in stark contrast to the complete signal loss on the U
sample, where the degrading silver surface could no longer
retain the analyte.

Bl CONCLUSIONS

In this work, we investigated the year-long stability of a
graphene-protected SERS platform based on resonant silver
nanoparticle arrays and suggested mechanisms responsible for
signal retention. We demonstrated an efficient approach for
fabricating plasmonic SERS substrates with a dry-transferred
graphene overlayer. We followed the SERS signal kinetics of
2NT spectra on unprotected (U) and graphene-covered (G)
SERS substrates over 344 days and used Principal Component
Analysis to evaluate performance. Over time, both samples
exhibited a decline in signal intensity, but the detection score
for the G sample stabilized at approximately 29.7%, while the
score for the U sample dropped to zero. This stabilization can
be attributed to two key factors: (1) the protective effect of
graphene, shielding silver nanoparticles from ambient air and
analyte exposure, and (2) enhanced analyte retention via 7—7x
stacking interactions.

These graphene-protected substrates show significant
promise for applications requiring long-term stability, such as

continuous environmental and biomedical monitoring. Future
work could focus on optimizing the trade-off between initial
sensitivity and longevity by improving graphene transfer
uniformity or engineering nanoparticle-graphene spacing.
Furthermore, the fabrication and transfer methodology
presented here could be adapted to integrate other 2D
materials, opening new possibilities for the design of hybrid
sensors with tailored properties.
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