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Abstract: In this work, we present a low-cost, label-free cellulose-based paper SERS (Surface-
Enhanced Raman Scattering) substrate for the sensitive detection of thiol compounds.
Uniform silver nanoparticles (AgNPs) were synthesized on cellulose filter paper via in situ
reduction of a silver precursor under UVC irradiation, achieving a high SERS enhance-
ment factor of 8.5 x 10°. The Ag-cellulose substrate demonstrated reliable detection of
benzenethiol, capturing its characteristic SERS signals with remarkable sensitivity. Quantita-
tive analysis was enabled by adjusting exposure times for accurate calibration. Furthermore,
Principal Component Analysis (PCA) was successfully employed to distinguish mixed sam-
ples of benzenethiol, hexanethiol, and propanethiol, showcasing the substrate’s capability
in separating complex mixtures. This cellulose-based AgNP platform offers a sustainable,
cost-effective solution for rapid chemical detection, with significant potential for real-world
applications such as environmental monitoring and food safety.

Keywords: paper-based SERS substrates; silver nanoparticle; vapor-phase detection;
nanometer-scale gaps; principal component analysis

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is an advanced, sensitive technique
for detecting chemical and biological analytes using vibrational spectroscopy, providing
a powerful method for identifying molecules without additional labeling [1-3]. The high
sensitivity mainly comes from electromagnetic enhancement at “hot spots”—high field
regions between closely spaced nanoparticles or sharp particle edges—boosting the field
and strengthening Raman signals [4-6]. To maximize the SERS effect, various nanoscale
structures have been designed, particularly those using noble metals like silver [7,8] and
gold [9-11].

In designing SERS substrates, researchers typically choose between colloidal and
solid-state configurations. Colloidal substrates provide flexibility in nanoparticle shape
and size for targeted analyte detection but often suffer from stability issues, such as ag-
gregation or precipitation, which reduce reproducibility [12,13]. In contrast, solid-state
substrates—made from materials such as paper [14-16], silicon [17,18], glass [15], and
polymers [19] offer a stable base for nanoparticle immobilization and support higher hot
spot densities across larger surfaces. Paper-based substrates, in particular, have drawn
attention for their flexibility, cost-effectiveness, biocompatibility, and porosity, all of which
enhance hot spot distribution, nanoparticle dispersion, and analyte adsorption. Addition-
ally, paper’s microfluidic properties allow effective analyte transport and concentration,
making it ideal for applications that require fast, on-site detection [20,21].
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Recent studies highlight the effectiveness of cellulose-based paper as a SERS sub-
strate [14,22-24]. The porous structure of cellulose enhances the density and uniformity
of hot spots, increasing analyte adsorption and enabling nanoparticle network formation
suitable for SERS. For instance, porous silicon and similar nanoporous materials show
multiple-fold improvements in signal intensity over non-porous surfaces [25,26]. Similarly,
polymer hydrogels embedded with nanoparticles offer high sensitivity and selective fil-
tration for small molecules. These findings showed the potential of porous materials in
advancing SERS technology, with paper-based substrates emerging as a versatile, low-cost
option for developing stable, efficient SERS substrates.

Gas-phase detection using Surface-Enhanced Raman Spectroscopy (SERS) has gained
increasing attention for its ability to identify volatile compounds with high sensitivity
and molecular specificity [27-30]. Detecting gaseous analytes is more challenging than
liquid or solid analytes due to their low concentration and weak surface interactions.
However, the combination of porous materials, nanostructured substrates, and surface
functionalization enhances analyte adsorption, improving signal intensity [31,32]. This
makes SERS a promising tool for applications such as air quality monitoring, detection
of hazardous chemicals, and breath-based diagnostics, offering rapid, non-destructive
analysis in complex environments [33].

In this study, a cellulose-based surface-enhanced Raman scattering (SERS) substrate
was employed to investigate its performance in detecting various thiol compounds in both
liquid and vapor phases. The fabrication process offers a straightforward and cost-effective
approach to synthesizing silver nanoparticles (AgNPs) uniformly distributed on cellu-
lose paper, without the need for additional chemical reducing agents. UVC irradiation
effectively reduces silver ions to AgNPs, enabling rapid formation of a stable and repro-
ducible SERS substrate. This UVC-assisted reduction method provides precise control over
nanoparticle size and distribution, which are critical factors for optimizing SERS sensitivity.

The high plasmonic activity of silver nanoparticles produced by UVC irradiation
enhances SERS signals, allowing for the detection of low-concentration analytes. To analyze
the SERS spectra obtained from vapor-phase thiol compounds—benzenethiol, hexanethiol,
propanethiol, and their mixtures—Principal Component Analysis (PCA) was applied. PCA
successfully distinguished between individual thiols and their mixtures, providing clear
spectral separation and reliable classification. This demonstrates the robustness of the SERS
platform in combination with multivariate analysis for the identification and discrimination
of structurally similar thiol compounds in complex environments.

2. Materials and Methods
2.1. Materials and Reagents

Nitric acid (70%) was purchased from Daejung Chemicals (Siheung, Republic of Korea).
Silver nitrate (=>99%), benzenethiol (>99%), hexannethiol (97%), propanethiol (99%), and
sodium bicarbonate (>99.5%) were purchased from Sigma-Aldrich (Seoul, Republic of
Korea). Ethanol (99.9%) was purchased from Samchun Chemicals (Seoul, Republic of
Korea). Deionized (DI) water of 18.3 M() was obtained by a water purification system
(Human Corporation, Seoul, Republic of Korea). All aqueous solutions were prepared
using ethanol. All chemicals were used without further purification.

2.2. AgNPs/Cellulose SERS Substrate Fabrication

The AgNPs/cellulose SERS substrate was fabricated via UVC reduction process, as
demonstrated in Scheme 1. The cellulose filter paper (1.5 x 1.5 cm?) (Whatman 42, GE
Healthcare, IL, USA) was treated with 10% HNOj3 solution for 12 h and washed with
water. The cellulose paper was then treated with 5% NaHCOj3 solution for 2 h and washed
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with water. The cleaned cellulose paper was dried in a vacuum oven at 40 °C. 30 pL
of various concentration AgNO3 aqueous solution was dropped on cellulose paper and
undergoes UVC irradiation, where high-energy photons interact with the silver precursor.
This interaction breaks down the silver nitrate into its constituent parts, releasing silver
ions (Ag*) into the surrounding environment. UVC light generates reactive oxygen species
(ROS) like hydroxyl radicals (¢OH) and hydrogen peroxide (H,O;) from moisture or
organic compounds on cellulose paper, aiding in the reduction of silver ions [34]. These
Ag" ions are reduced to metallic silver (Ag?) through photoreduction or interaction with
reactive species, initiating the formation of AgNPs on the cellulose substrate. The cellulose’s
porous structure stabilizes and evenly distributes the nanoparticles, while its hydroxyl
groups help maintain the AgNPs’ structural integrity [35]. The substrate changed from
white color of filter paper to dark color of AgNPs on the substrate, indicating the successful
completion of the UVC reduction process. After drying, the samples were kept in room
condition for further SERS measurement.
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Scheme 1. The fabrication method of AgNPs/cellulose paper using UV-C reduction and SERS
sensing process. The graph showed SERS spectra of BT (blue line), HT (red line) and PT (black line)
in vapor-phase.

2.3. Surface Morphologies and Optical Properties of AgNPs/Cellulose Substrate

The fibrous surface of the AgNPs/cellulose paper was examined by field-emission
scanning electron microscopy (SEM, TESCAN (CLARA), Brno-Kohoutovice, Czech Re-
public), field-emission transmission electron microscopy (FE-TEM; JEM-2100F (HR), JEOL,
Tokyo, Japan) at an accelerating voltage of 300 kV. The extinction spectra were obtained
using a diffuse reflectance ultraviolet-visible—near-infrared (UV-vis-NIR) spectrometer
(SolidSpec-3700, Kyoto, Japan).

2.4. Liquid Phase Sample Preparation

Ethanolic solutions of benzenethiol (BT) were prepared to investigate their interactions
with the silver nanoparticle-impregnated SERS paper substrate. For each experiment,
1 mL of the respective thiol solution was applied to the Ag-impregnated SERS paper,
allowing it to soak for 24 h at room temperature to facilitate effective adsorption of the
thiol molecules onto the silver nanoparticle surface. After the soaking period, the samples
were thoroughly rinsed with ethanol to remove any loosely bound thiol molecules, thus
preventing interference during subsequent SERS measurements. The substrates were then
dried under a stream of nitrogen gas to remove residual solvent, ensuring the SERS paper
remained uncontaminated and optimized for signal quality. This preparation process
was designed to enhance the interaction between the thiol compounds and the silver
nanoparticles, supporting consistent and high-sensitivity SERS measurements.

2.5. Gas Phase Sample Preparation

A glass petri dish with a 30 mm bottom diameter was utilized as a gas chamber to
facilitate controlled vapor-phase exposure of the thiol solution to the Ag-cellulose SERS
substrate. The chamber was carefully sealed with parafilm to prevent any vapor leakage,
ensuring a stable and consistent environment for the interaction between the thiol vapor
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and the silver nanoparticle-impregnated cellulose paper. Inside the chamber, 200 uL of a
1 mM ethanolic thiol solution was introduced alongside the Ag-cellulose paper substrate
(0.75 x 0.50 cm?). The substrate was positioned to optimize its exposure to the thiol vapor
during the incubation period.

Following the specified exposure time, which varied depending on the experimental
conditions required to study adsorption dynamics, the substrate was promptly removed
from the chamber. This immediate removal minimized any unintended post-exposure
interactions with ambient air. Once removed, the SERS signal was measured directly,
allowing for an accurate assessment of the interaction between the thiol compounds and
the silver-decorated cellulose substrate under controlled vapor-phase conditions. This
protocol was designed to standardize the exposure process, ensuring consistent thiol
adsorption and reliable SERS measurements across all samples.

2.6. SERS Measurement and Signal Processing

SERS measurements were conducted using a High-Resolution Raman Spectropho-
tometer (Horiba, LabRAM HR-800, Horiba Advanced Techno, Co., Ltd., Kyoto, Japan) for
its precision in detecting subtle Raman signals. A 785 nm laser minimized fluorescence and
enhanced the SERS signal. The setup used a 600 grating for balanced spectral resolution
and intensity, with a 10% neutral density filter to control laser power at 230 uW. Each mea-
surement had a 10-s acquisition time and three accumulations to improve signal reliability.
Measurements were taken at five random points on each substrate for reproducibility and
repeated on four Ag-cellulose substrates for consistency. Peak intensities were calculated
after baseline correction to remove background noise and ensure accurate quantitative
analysis. For the measurement of Raman intensity of bulk BT, the setup used the laser
power of 1.0 mW and the exposure time of 900 s.

The Principal Component Analysis (PCA), an unsupervised data analysis method,
was utilized to enhance the interpretation of rapid SERS detection results obtained
from the AgNPs/cellulose SERS substrate. The SIMCA software (SIMCA 11.0) was
employed to calculate the principal component (PC) scores for each SERS spectrum
(Supplementary Materials). These PC scores were visualized in a score plot, where each
sample is represented according to its position in the principal component space, providing
a clear distinction between the spectral data.

3. Results and Discussion
3.1. Surface Morphology and Optical Characterization

Figure 1A shows the optical image of AgNPs/cellulose SERS substrate after UVC
reduction, with the uniform black color of AgNPs.

Figure 1B,C demonstrated the scanning electron microscopy (SEM) characterization
of silver nanoparticles (AgNPs) onto the cellulose paper substrate, with the detailed EDS
analysis was showed in Figures S1 and S2 and Table S1, Supplementary Materials. The
images showed a uniformly AgNPs distributed across the cellulose surface, indicating
effective loading during the fabrication process. The abundance of nanoparticles led to
the formation of numerous nanoscale gaps between them, which are critical for enhancing
electromagnetic fields in surface-enhanced Raman spectroscopy (SERS). This high density
of gaps, in conjunction with the increased surface-to-volume ratio provided by the AgNPs,
creates an optimal environment for enhancing Raman signals. As a result, the unique
morphology of the AgNPs on the cellulose paper not only improves the overall sensitivity
of the SERS substrate but also facilitates effective adsorption of analytes, allowing for more
robust detection capabilities. The interconnected structure formed by the densely packed
nanoparticles enhances the possibility of generating “hot spots”, where the electromagnetic
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field is significantly amplified, further contributing to the substrate’s performance in
SERS applications.
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Figure 1. (A) Optical image of the AgNPs/cellulose SERS substrate after UV-C reduction. The scale
bar denoted 5 mm. (B,C) SEM images of AgNPs/cellulose SERS substrate prepare with the Ag*
precursor of 1 M and UV reduction time of 2 h. The scale bars denoted 20 um in (B) and 10 pm in (C).
(D) TEM image of AgNPs/cellulose SERS substrate prepare with the Ag* precursor of 1 M and UV
reduction time of 2 h. The scale bar denoted 20 nm. (E) Extinction spectra in wavelength range
(A =350 to 1300 nm) of the AgNPs/cellulose SERS substrate with different Ag* concentration loading.

Transmission electron microscopy (TEM) images in Figure 1D provide a detailed
visualization of the silver nanoparticles (AgNPs) embedded within the cellulose substrate,
revealing their distinct morphological characteristics. The nanoparticles are clearly defined,
exhibiting a relatively uniform size distribution with an estimated average diameter ranging
from approximately 10 to 20 nanometers. This size range is particularly advantageous for
SERS applications, as smaller nanoparticles typically exhibit higher surface energy and
enhanced plasmonic properties, leading to more effective signal amplification.

The extinction spectra were recorded for AgNPs/cellulose substrates created with
different precursor concentrations under a 2-h UVC reduction process (Figure 1E). Extinc-
tion increased as the precursor concentration rose from 0.1 to 1.0 M, particularly in the
NIR region. However, at a higher concentration of 1.5 M, extinction in the NIR region
significantly decreased. The SERS intensity was found to correlate with the enhancement
field at both laser and Stokes-shift wavelengths in the NIR region. As a result, substrates
prepared with a 1.0 M precursor concentration likely provided higher SERS intensities.

3.2. SERS Characterization

SERS spectra of monolayer BT on the AgNPs/cellulose SERS substrate with precursor
concentrations ranging from 0.1 to 1.5 M were recorded (Figure 2A). The characteristic
SERS intensities of BT increased progressively as the precursor concentration rose from
0.1 to 1 M. However, no significant increase in spectral intensities was observed at higher
concentrations (1.5 M), suggesting that the optimal SERS enhancement for the paper
substrates occurred at a precursor concentration of 1 M.

Figure 2B shows the SERS spectra of monolayer BT on the AgNPs/cellulose substrate
prepared with the same precursor concentration but different UVC reduction times. As
the reduction time increased, the characteristic SERS intensities of BT gradually enhanced.
However, when the reduction time exceeded 2 h, the SERS intensity plateaued, with a
slight increase in background signal. This may be due to the formation of an Ag thin film
on the cellulose surface. Based on these SERS results, the sample prepared with a 1.0 M
precursor and a 2-h UVC reduction time was selected for further experiments. Using the
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SERS intensity of monolayer BT, the SERS enhancement factor was calculated using the
Raman band at 1071 cm ™! as follows [36]:

EF IsErs o NRaman
IRaman NSERS

where Isrrs and Irgma, are the SERS intensity and normal Raman intensity normalized
to the acquisition time and excitation laser power, respectively, and Nsgrs and Nraman
are the number of molecules probed within the laser spot and Raman detection volume,
respectively. The normal Raman intensity of bulk liquid BT and the SERS intensity of BT
on AgNPs/cellulose substrate were showed in Figure S3, Supplementary Materials. The
Isgrs and Irgmay values were determined to be 0.34 and 1.4 x 107#, respectively. For the
Ngggs calculation, a reference surface coverage value of BT [36] was used. With a reference
surface coverage of approximately 3.3 x 10™ cm ™2, the Nggrs was found to be 3.8 x 107.
In the NRaman calculation, the detection volume was determined to be 23.1 um3, taking into
account the microscope objective (10x, NA: 0.25) and the Raman reservoir depth (2 um).
Using the density of BT (1.073 g/ cm?), the Nggman value was calculated to be 1.4 x 101,
Finally, the enhancement factor (EF) was estimated to be 8.5 x 10°. The EF value of the
Raman band of BT at 1071 cm ™! was estimated to be 8.1 x 10°.
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Figure 2. (A) SERS spectra of BT monolayer on the AgNPs/cellulose SERS substrate fabricated
with various concentration of Ag* precursor solution, the UV reduction time were kept at 2 h.
(B) SERS spectra of BT monolayer on the AgNPs/cellulose SERS substrate fabricated with various
UV reduction time, the concentration of Ag* precursor solution were kept at 1.0 M. (C) SERS spectra
of BT at various concentrations from 100 uM to 1 nM, obtained with AuNPs/cellulose substrate.
(D) Calibration plot of SERS intensity of B with peak at 1071 cm~!.

SERS spectra were collected for various concentrations of BT, ranging from 1 nM to
100 uM, using the AgNPs/cellulose SERS substrate. At the 1 nM concentration, a weak BT
signal was observed, as shown in Figure 2C. The SERS intensities at the 1071 cm ™! peak for
different BT concentrations are displayed in Figure 2D. A linear fit with an R? value of 0.98
between the SERS intensities and relative BT concentrations is also presented in Figure 2D.
Based on this fitting function, the limit of detection (LOD) for BT concentration using the
AgNPs/cellulose substrate was calculated to be 4.32 nM, derived from the blank noise’s
three times the standard deviation (RSD) [37]. The low LOD and broad linear dynamic
range achieved for BT underscore the potential of AgNPs/cellulose substrates as effective,
label-free SERS platforms for detecting thiol compounds.
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When evaluating SERS substrates, it is essential to consider not only high intensities
and high enhancement factor (EF) values but also the reproducibility of the SERS signals. To
assess this, the SERS spectra of BT monolayers were recorded at several random locations
on the AgNPs/cellulose substrate to examine the homogeneity of the signals across the

surface (Figure 3A).
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Figure 3. (A) Representative SERS spectra of BT monolayer, obtained in random locations on the
AgNPs/cellulose substrate. (B) SERS intensity of peak at 1071 cm ™!, from random locations figure (A).
(C) SERS intensity of the peak at 1071 cm ™! of BT monolayer spectra on 20 different AgNPs/cellulose
substrates. (D) SERS intensity of the peak at 1071 cm~! on the AgNPs/ cellulose substrates with long

time storage in room condition.

The detailed SERS intensities at the 1071 cm~! band from 40 random locations are
shown in Figure 3B. The bar graphs indicate that the SERS intensities were quite consistent
across the surface, with a relative standard deviation (RSD) of 8.5%.

The uniformity of the AgNPs/cellulose substrates was further tested across different
chips. A total of 20 SERS chips (0.5 x 0.5 cm?), all fabricated under the same conditions,
were used to measure the SERS intensities at the 1071 cm~! band of BT. For each chip,
spectra were taken from five different locations, and the average value was calculated. The
SERS intensities across the 20 chips, shown in Figure 3C, demonstrated a small RSD of
10.3%, indicating good chip-to-chip uniformity.

Another critical factor for SERS substrates is the chemical stability on the surface. After
depositing the BT monolayer onto the Ag/cellulose SERS substrate, the sample was stored
at room temperature (20 °C) with a relative humidity between 35% and 40% for one week.
The SERS intensities of BT on the substrate were measured daily (Figure 3D). The results
showed that, after seven days, the SERS intensity at 1071 cm~! had decreased by only 15%,
indicating strong chemical bonding on the AgNPs/cellulose SERS substrates. This finding
demonstrates excellent uniformity and stable chemical bonding on the substrate, attributed
to the high density of SERS hot spots and the stable nanoparticle structure on the cellulose
surface, which was achieved through the in situ growth of AgNPs via UVC reduction.

3.3. Vapor-Phase Detection of Thiols Compounds

The vapor-phase detection of thiol compounds using AgNPs/cellulose SERS sub-
strates was performed by utilizing the natural vaporization of thiol compounds and their
self-assembly onto the SERS substrate surface. This process was carried out in a closed
Petri dish at room temperature, providing a controlled environment for the vaporization
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of the thiol compounds (Figure 4A). Within this setup, a small container with 200 pL
of a 1 M BT solution in ethanol was placed inside the closed Petri dish alongside the
AgNP/cellulose SERS substrate. Ethanol was chosen as the solvent to ensure rapid evapo-
ration, enabling the thiol compounds to vaporize and adsorb onto the AgNPs embedded in
the cellulose material.

w
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Figure 4. (A) Schematic demonstrated the system using in vapor-phase detection of thiols compose.
The ethanolic solution of thiols were kept in the closed petri dish with the AgNPs/cellulose substrate
at room temperature of 20 °C. (B) Representative SERS spectra of vapor-phase BT on AgNPs/cellulose
substrate with different exposure time. (C) Plots of SERS intensity at peak of 1071 cm ™! with different
vapor exposure time.

As the thiol compounds vaporized, they spontaneously assembled onto the substrate’s
surface. After various exposure times, the SERS intensity of BT was measured by removing
the substrate from the closed environment and immediately analyzing it. Representative
SERS spectra of vapor-phase BT at different exposure times are presented in Figure 4B,
showing that the Raman signal became detectable after just 30 min of exposure to the thiol
vapor. As the exposure time increased, the Raman signal’s intensity continued to rise,
indicating a time-dependent accumulation of thiol molecules on the substrate.

The SERS intensities at the Raman band of 1071 cm~! were plotted against exposure
time in Figure 4C. As expected, the intensity increased steadily with longer exposure times,
reaching a maximum value of 432 after 4 h of exposure. This intensity was comparable
to that observed for BT at a concentration of 107> M in Figure 2D, demonstrating that the
vapor-phase detection method produced signal intensities similar to those obtained with
traditional liquid-phase concentrations.

However, after an exposure time of 4 h, a slight decrease in the SERS intensity was
observed. This decline can be attributed to the high localized concentration of BT molecules
on the substrate’s surface. As the thiol molecules densely packed onto the AgNPs, they
likely covered the SERS hot spot regions, which are critical for enhancing the Raman signal.
The occlusion of these hot spots due to molecular crowding resulted in a reduced overall
SERS signal, as fewer available sites contributed to the enhanced Raman scattering effect.

This observation underscores the importance of optimizing exposure time to balance
signal intensity and prevent overcrowding of the substrate surface, thereby ensuring maxi-
mum SERS enhancement. In conclusion, the results confirm the feasibility and effectiveness
of using AgNDPs/ cellulose SERS substrates for vapor-phase detection of thiol compounds,
with exposure time playing a crucial role in signal strength and substrate performance.

To further investigate the selectivity of the AgNPs/cellulose SERS substrate for vapor-
phase thiol compounds, the substrate was used to measure the SERS intensity of three
different chemicals: Benzenethiol (BT), Hexanethiol (HT), and Propanethiol (PT), along
with their mixtures in the gas phase. The preparation process followed the same approach
as the vapor-phase detection of BT described previously, with an exposure time of 4 h.
Subsequently, the three thiol compounds were mixed pairwise in equal portions: PT and
HT, HT and BT, and BT and PT, in a 1:1 ratio, with each mixture also exposed for 4 h. The
resulting SERS spectra of the individual thiol compounds and their mixtures are displayed
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in Figure 5A. In these spectra, the characteristic peak of HT at 891 cm ™!, PT at 675 cm ™!
and 1021 cm~!, and the prominent SERS peak of BT were clearly observed. When the
chemicals were mixed, the SERS intensity at the characteristic peak of BT dominated,
making it difficult to distinguish between the individual BT spectrum and those of the
mixtures containing BT.

A. B.
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Figure 5. (A) Representative SERS spectra of vapor-phase BT, HT, PT and the mixture of each couple
of thiols obtained via AgNPs/cellulose SERS substrate with the exposure time of 4 h. (B) The principle
component analysis (PCA) plots of the first 3 PCs for different vapor-phase detection in (A).

To more clearly separate the SERS spectra of each chemical and their mixtures, Prin-
cipal Component Analysis (PCA) was applied (Figure 5B). PCA is a powerful technique
that reduces the dimensionality of the data while retaining the most significant variation
between the spectra, making it ideal for distinguishing subtle differences in chemical com-
positions. In this study, the SERS data from all six chemical samples—three individual
thiols (BT, HT, and PT) and their corresponding mixtures—were subjected to PCA.

A score plot based on the first three principal components (PC1, PC2, and PC3) was
constructed, providing a visual representation of how the data points corresponding to
each chemical and their mixtures relate to one another. Each point on the plot represents
a specific chemical or mixture, and the distances between points reflect the differences in
their spectral profiles. The PCA analysis successfully grouped the individual chemicals
and their mixtures, with distinct clusters forming for each of the compounds and their
corresponding combinations.

The PC2 and PC3 components showed distinct ability to separate the differences be-
tween the thiol types based on their peak profiles, such as the BT and these two compounds
BT-PT and HT-BT can be separated from the different in the band at 900 cm~!. The PC1
response positively toward the random errors and background noises, as observed in the
component contribution plots (Figure S4, Supplementary Materials). In these cases, a 3D
score-plot (Figure 5B) was more suitable to visualize the distribution and groupings of
samples. The SERS spectra of the mixed samples containing BT tend to cluster nearby the
PC1 = 0 axis, due to the dominant profiles with strong SERS peaks from BT. However, the
mixtures containing HT and PT, as well as their mixture also showed some variation that
could be captured by the PCA, allowing them to be separated from the other compounds.
This clear separation was indicative of the sensitivity of the AgNPs/cellulose SERS sub-
strate to the different thiol compounds, even in the presence of mixtures. This ability to
differentiate between even similar mixtures highlights the power of PCA in enhancing
the selectivity of the SERS substrate, making it a valuable tool for analyzing complex
chemical systems.

Overall, the use of PCA greatly improved the interpretation of the SERS data by
reducing the complexity of the information and emphasizing the most important spectral
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features for distinguishing between the thiol compounds and their mixtures. This method
demonstrates the potential for using PCA alongside SERS to achieve highly selective
detection of chemical compounds in complex mixtures, enhancing the reliability and
accuracy of the AgNPs/cellulose SERS substrate for vapor-phase analysis.

4. Conclusions

In this study, we successfully developed a cellulose-based surface-enhanced Raman
spectroscopy (SERS) substrate for the sensitive and reliable detection of thiol compounds
in both liquid and vapor phases. By employing UVC-assisted in situ reduction, we syn-
thesized highly uniform silver nanoparticles (AgNPs) on cellulose filter paper, achieving a
remarkable SERS enhancement factor of 8.5 x 10°. The substrate demonstrated excellent
sensitivity, with a limit of detection (LOD) of 4.32 nM for benzenethiol, and maintained
strong reproducibility and stability over time. The chip-to-chip RSD was 10.3%, con-
firming the high consistency of the fabrication process across multiple substrate batches
Our vapor-phase detection approach expands the application of SERS beyond traditional
liquid-phase sensing, enabling real-time monitoring of volatile compounds. By integrating
Principal Component Analysis (PCA), we enhanced the selectivity and discrimination of
closely related thiol compounds and their mixtures, further validating the robustness and
versatility of our platform. This eco-friendly, cost-effective, and scalable SERS substrate
offers significant potential for practical applications in environmental monitoring, food
safety, and on-site chemical detection systems. Future research will focus on optimizing the
fabrication process to expand the detection range and improve performance under more
complex environmental conditions. Additionally, integrating this platform with portable
Raman devices could pave the way for real-world deployment in field analysis.
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www.mdpi.com/article/10.3390/chemosensors13030101/s1, Figure S1: SEM with the EDS mapping
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as coating materials to enhance SEM resolution; Figure S2: EDS spectroscopy of AgNPs/cellulose
SERS substrate; Figure S3: Comparison between Raman spectra of liquid BT and the self-assembly
monolayer of BT on the AgNPs/cellulolse SERS substrate; Figure S4: PC1, PC2 and PC3 loading plot;
Table S1: EDS analysis of AgNPs/cellulose SERS substrate.
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EF Enhancement factor
PCA Principal component analysis
BT Benzenethiol
HT Hexanethiol
PT Propanethiol
RSD Relative standard deviation
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