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ARTICLE INFO ABSTRACT

Keywords: Surface-Enhanced Raman Spectroscopy (SERS) is a highly sensitive technique that enhances Raman signals using
Nanobiosensor plasmonic nanomaterials, enabling the detection of trace biomolecules. Flexible SERS substrates offer advantages
Flexible device such as low cost, adaptability to various surfaces, and reliable performance in complex environments, making
:E;Sa toxins them ideal for real-time applications in food safety, environmental monitoring, and diagnostics. In this work, we
PCA present a flexible SERS sensor based on Kapton film coated with gold nanoparticles, fabricated through a simple
Biosensing bottom-up method. As a case study, we evaluated, for the first time to the best of our knowledge, its performance

in detecting Shiga toxins (Stxs), which are produced by Shiga toxin-producing Escherichia coli (STEC) and are
responsible for severe illnesses such as hemorrhagic colitis and hemolytic uremic syndrome. Early and accurate
detection of Stxs is critical for outbreak control and timely treatment. We focused on three variants: Shiga toxin 1
(Stx1), Shiga toxin 2 (Stx2), and cleaved Stx2, which are structurally similar but differ in pathogenicity. The
SERS spectra collected from each toxin revealed subtle but consistent differences, and Principal Component
Analysis (PCA) successfully discriminated between them. Notably, our sensor achieved an outstanding
enhancement factor of 7 x 10° and reached an ultra-low limit of detection (LOD) of 15 pM for Stx2 representing,
to our knowledge, the lowest LOD reported to date for this toxin using a flexible SERS platform. We also eval-
uated the LOD in clinically relevant concentrations measured in sera, demonstrating that our system provides a
sensitivity suitable for application in real diagnostic settings in the earlier stages of the disease. These results
demonstrate the high sensitivity and discriminative power of our sensor, highlighting its strong potential for real-
time, on-site monitoring of hazardous biomolecules in fields such as environmental surveillance, food safety, and
clinical diagnostics.

1. Introduction et al., 2023; Kadam and Hong, 2022; Ma et al., 2025; Wang et al., 2025;

Xie et al., 2025). By precisely engineering nanoparticle properties,

Surface-Enhanced Raman Spectroscopy (SERS) has revolutionized
chemical detection, offering ultra-high sensitivity capable of identifying
analytes at the single-molecule level (Chen et al., 2015; Lai et al., 2015;
Palermo et al., 2021, 2024; Rippa et al., 2022, 2024). Since its discovery,
this technique has been widely applied in biosensing, benefiting from
advancements in plasmonic nanostructures that enhance signal ampli-
fication (Canning et al., 2024; Ditta et al., 2025; Goel et al., 2024; Ilyas
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including size, shape, and spatial arrangement, SERS can significantly
boost local electromagnetic field intensities, enabling the detection of
specific toxins at trace concentrations, even within complex biological
matrices (Canning et al., 2024; Ditta et al., 2025; Goel et al., 2024; Ilyas
et al., 2023; Kadam and Hong, 2022; Ma et al., 2022, 2024, 2025; Wang
et al., 2025; Xie et al., 2025). A key advantage of SERS is its label-free
detection capability, which eliminates the need for fluorescent or
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enzymatic markers. This simplifies the assay workflow while improving
the reproducibility. Moreover, the development of flexible SERS sensors
has unlocked new opportunities for real-time, on-site molecular detec-
tion, especially in complex and irregular environments. Unlike their
rigid counterparts, these sensors leverage soft, adaptable substrates that
allow them to conform to uneven surfaces, interact efficiently with
analytes, and operate under aqueous conditions. The most employed
materials include PDMS (Haque Chowdhury et al., 2023; Li et al., 2022;
Liang et al., 2022; Liu et al., 2020; Ma et al., 2022; Pan et al., 2024; Peng
et al., 2025; Sun et al., 2023; Tan et al., 2023; H. Zhang et al., 2023;
Zhang et al., 2022; Y. Zhang et al., 2023), PVA (Pham et al., 2023; Shao
et al., 2024a), PVDF (Chen et al., 2024; J. Wang et al., 2023), paper
(Beeram et al., 2022; Jun Dong, 2023; Liu R, 2020; Nguyen et al., 2024;
Verma et al., 2022; Yadav et al., 2024; Zhang et al., 2020; X. Zhang et al.,
2024; Zhao et al., 2022), polyurethane (Bai et al., 2021), agar (Chang
et al., 2022; Picone et al., 2022), graphene (Verma et al., 2022; K. S.
Wang et al., 2024; Yu et al., 2022), and biological membranes (H. Wang
et al., 2024; Yang et al., 2024; You et al., 2023a; Yu et al., 2023), each
chosen for their unique properties. Elastomeric substrates such as PDMS
and polyurethane offer stretchability (Bai et al., 2021; Haque Chowd-
hury et al., 2023; Li et al., 2022; Liang et al., 2022; Liu et al., 2020a; Ma
et al., 2022; Pan et al., 2024; Peng et al., 2025; Sun et al., 2023; Tan
et al., 2023; H. Zhang et al., 2023; Zhang et al., 2022; Y. Zhang et al.,
2023), whereas paper and agar provide biocompatibility and
eco-friendliness (Beeram et al., 2022; Chang et al., 2022; Liu R et al.,
2020; Jun Dong, 2023; Nguyen et al., 2024; Picone et al., 2022; Verma
etal., 2022; Yadav et al., 2024; Zhang et al., 2020; X. Zhang et al., 2024;
Zhao et al., 2022). Graphene, on the other hand, enhances plasmonic
performance, further boosting detection sensitivity (Verma et al., 2022;
K. S. Wang et al., 2024; Yu et al., 2022). One of their major advantages is
their low-cost and scalable fabrication. While traditional SERS sub-
strates rely on expensive nanofabrication techniques, flexible materials
can be processed using simple and cost-efficient methods, significantly
reducing production complexity. Unlike rigid platforms that require
careful positioning and controlled sample deposition, flexible SERS
sensors naturally conform to the surface to which they are applied. This
feature is particularly valuable for applications involving food surfaces,
biological tissues, and environmental monitoring, where direct contact
with the target sample enhances detection efficiency. Another key
advantage of these materials is their compatibility with aqueous envi-
ronments. Many flexible substrates exhibit hydrophilic properties,
which facilitate analyte absorption and retention in liquid samples. This
makes them especially suited for water quality assessment, food safety
testing, and biomedical applications, where traditional hydrophobic
substrates often struggle to retain biomolecules in solution. Moreover,
their porous and absorbent nature eliminates the need for
time-consuming pre-treatment steps, allowing direct sample application
without additional drying, dilution, or chemical modifications. In many
cases, this capability enables in situ detection, making flexible sensors
an attractive alternative for real-time monitoring and point-of-care di-
agnostics (Bai et al., 2021; Beeram et al., 2022; Chang et al., 2022; Chen
et al., 2024; Haque Chowdhury et al., 2023; Jun Dong, 2023; Li et al.,
2022; Liang et al., 2022; Liu et al., 2020a; Ma et al., 2022; Nguyen et al.,
2024; Pan et al., 2024; Peng et al., 2025; Pham et al., 2023; Picone et al.,
2022; Rongyang et al., 2020; Shao et al., 2024; Sun et al., 2023; Tan
et al., 2023; Verma et al., 2022; J. Wang et al., 2023; K. S. Wang et al.,
2024; Yadav et al., 2024; Yu et al., 2022; H. Zhang et al., 2023; Zhang
et al., 2022, 2020; X. Zhang et al., 2024; Y. Zhang et al., 2023; Zhao
et al., 2022).

Among flexible SERS substrates, Kapton has emerged as a promising
candidate due to its exceptional thermal stability, chemical resistance,
and mechanical flexibility. Developed by DuPont, Kapton is a polyimide
film known for maintaining its structural integrity across extreme tem-
peratures, from cryogenic conditions to over 400 °C. Its high electrical
insulation properties make it widely used in electronics, aerospace, and
flexible sensor technologies. One major advantage of Kapton is its
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intrinsically low Raman background, which enhances the detection of
weak analyte signals. Additionally, its long-term stability against ther-
mal degradation, UV exposure, and harsh chemicals makes it ideal for
industrial and field applications requiring durable sensors. Kapton-
based flexible sensors are widely utilized across various fields due to
their robustness and versatility. In biomedical and wearable devices,
they are employed in health monitoring systems to track heart rate,
respiration, temperature, and muscle activity. Electronic skin (E-Skin)
mimics human skin for robotic and prosthetic applications, while
implantable sensors monitor physiological parameters inside the body
due to their biocompatibility (Binnwei, n.d.; Pang et al., 2013; Wang
et al., 2021). In the aerospace and automotive industries, Kapton-based
sensors play a crucial role in structural health monitoring by detecting
strain, pressure, and temperature variations in aircraft and spacecraft
(Bhattacharya et al., n.d.; Brandon et al., 2011). They are also essential
in flexible circuitry for aerospace electronics, where lightweight and
flexible materials are required, and in automotive sensors integrated
into smart vehicle dashboards and driver monitoring systems
(Srinivasan et al., 2023). For industrial and environmental monitoring,
these sensors are used in high-temperature industrial processes such as
temperature and pressure sensors (Lahokallio et al., 2014; Martiny et al.,
2014; Phan et al., 2020). They also function as gas and chemical sensors,
detecting toxic gases and pollutants in industrial safety systems
(Ramezani Farani et al., 2024; Rezaei et al., 2024). Additionally, smart
textiles incorporate these sensors (Ataman et al., 2013) for real-time
environmental sensing. In robotics and human-machine interaction
(Ataman et al., 2013), tactile sensors enable soft robotics to detect touch,
pressure, and motion, enhancing their adaptability. Haptic feedback
devices further improve user interaction in virtual and augmented re-
ality applications. The combination of durability, stability, and low
Raman background makes Kapton a key material for next-generation
flexible sensing technologies, particularly in challenging environments
where precision and reliability are critical (Madani et al., 2024;
McDonnell et al., 2023a; Prakash et al., 2019; Seifi et al., 2022). Despite
their potential, current research on flexible SERS sensors has primarily
focused on pesticide detection, particularly thiram (Bai et al., 2021;
Chen et al., 2024; Jun Dong, 2023; Liang et al., 2022; Liu et al., 2020a;
Ma et al., 2022; Peng et al., 2025; Pham et al., 2023; Picone et al., 2022;
H. Wang et al., 2024; Y. Wang et al., 2023; Yu et al., 2023; H. Zhang
et al., 2023; S. Zhang et al., 2024; Y. Zhang et al., 2023), due to its
widespread agricultural use and associated health risks. Other targets,
such as pathogens (K. S. Wang et al., 2024; Xu et al., 2020; Zhao et al.,
2022), antibiotics (Han et al., 2024; Jiang et al., 2024; Liang et al., 2022;
Nguyen et al., 2024; Sun et al., 2023; Zhang et al., 2020), and uric acid
(Verma et al., 2022; Yang et al., 2024), have been explored to a lesser
extent, and the field of toxin detection remains largely underdeveloped.
SERS has emerged as a powerful analytical technique for the rapid and
sensitive detection of bacterial toxins, offering significant advantages
over conventional methods including real-time analysis, minimal sam-
ple preparation, and exceptional sensitivity. Recent advances in
SERS-based biosensors have demonstrated remarkable detection capa-
bilities across a wide range of bacterial toxins. For Shiga toxin detection,
a novel nanopattern fabricated by electron beam lithography with
remarkable plasmonic properties has achieved limits of detection (LOD)
as low as 2 pM using a monoclonal antibody immobilized onto the SERS
substrate via physical adsorption (Rippa et al., 2025). Staphylococcal
enterotoxin B detection has been accomplished with LODs of 0.001
ng/mL using lateral flow immunoassays in buffer solutions (Hwang
etal., 2016), and staphylococcal enterotoxin C has been detected at 0.55
pg/mL using Au-Ag Janus@Au nanoparticles(Xu et al., 2023). Botuli-
num toxin detection has been achieved through multiple SERS ap-
proaches, with aptamer-based sensors reaching 2.4 ng/mL LOD and
(Subekin et al., 2023) immunoassay formats achieving 0.7-1.2 ng/mL in
phosphate-buffered saline and human serum(Lim et al., 2019). For
cholera toxin, affinity peptide-based SERS sensors have demonstrated
high sensitivity of 3.51 pg/mL (Lim et al., 2018). Pyocyanin, a toxin
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biomarker from Pseudomonas aeruginosa, has been detected using gold
nanostar-based solution SERS with LODs of 0.05 nM in drinking water
and 0.4 nM in biological fluids (Atta and Vo-Dinh, 2023). These per-
formance metrics demonstrate that SERS technology provides a versatile
platform for bacterial toxin detection across diverse sample matrices.
The integration of various nanostructured substrates, from gold nano-
stars to photonic crystals, along with specific recognition elements such
as antibodies and aptamers, has enabled the development of highly
sensitive and selective SERS biosensors capable of meeting the stringent
requirements for food safety and clinical diagnostics applications
(Usman et al., 2023). Within the niche of flexible SERS for toxin sensing,
to the best of our knowledge there is only one prior report: an
aptamer-assisted Ag-nanoparticle-loaded bacterial cellulose membrane
(BCM) sensor for dinophysistoxin-1 (DTX-1). That study achieved a limit
of detection (LOD) of 9.5 x 107'° M and showed 95.8-108.2 % re-
coveries in oyster and mussel extracts (You et al., 2023). Beyond this
single example—targeting a small, algal toxin—we found no reports of
flexible SERS applied to bacterial protein toxins (You et al., 2023). Shiga
toxin producing Escherichia coli (STEC) is a major foodborne pathogen
responsible for severe gastrointestinal infections and life-threatening
complications such as hemolytic uremic syndrome (HUS) (Centers for
Disease Control and Prevention, 2024; World Health Organization,
2023; Freedman et al., 2023). STEC strains produce Shiga toxins (Stxs),
structurally and functionally like those produced by Shigella dysenteriae
(Menge, 2020). Stxs are highly potent, with toxic effects observed at
extremely low concentrations. In cell cultures, cytotoxicity can occur at
levels as low as picomolar (pM) (Arfilli et al., 2015; Brigotti et al., 2019;
Varrone et al., 2021) as in the case of Raji or Vero cells that have been
used to detect the presence of Stx2 in serum or in feces. In animal
models, even 15-50 ng per kilogram intravenous doses can be lethal or
cause severe symptoms as in mice or baboons (Stearns-Kurosawa et al.,
2010; Watanabe-Takahashi et al., 2018). In humans, although an exact
toxic blood concentration is not clearly defined, very small amounts—in
the low nanogram range— circulate in blood and are sufficient to trigger
serious conditions such as HUS (Varrone et al., 2021). In STEC-infected
patients, Stxs are associated to circulating cells at nanomolar concen-
trations (0,2-2 nM, neutrophils) whereas picomolar concentrations of
Stxs (30-90 pM) are present in sera (Varrone et al., 2021). Interestingly,
a small fraction of serum Stxs is vesicle-bound and causally related to the
development of HUS (Maurizio, 2020; Varrone et al., 2021). These
toxins belong to the AB5 family of protein toxins, consisting of a cata-
lytically active A subunit (32 kDa) and B pentamer (8 kDa each). The B
subunit binds to the cellular receptor globotriaosylceramide (Gb3Cer),
facilitating the internalization of the A subunit, which then cleaves a
specific adenine residue in the 28S rRNA of the 60S ribosomal subunit,
irreversibly inhibits protein synthesis, and induces cell apoptosis
(Menge, 2020; Centers for Disease Control and Prevention, 2024; World
Health Organization, 2023). Two primary variants of Stxs, Stx1 and
Stx2, share structural similarities but exhibit distinct pathogenic effects.
Stx1 is often associated with less severe gastrointestinal symptoms,
including diarrhea and abdominal cramps, and is less frequently linked
to serious complications. In contrast, Stx2 is considerably more cytotoxic
and strongly associated with HUS development, particularly in young
children (Freedman et al., 2023). It causes significant endothelial
damage, especially in the kidneys, triggering platelet activation,
microthrombi formation, and ultimately acute renal failure. As
Stx2-producing bacterial strains present a higher risk of severe disease,
differentiating between Stx1 and Stx2 is essential for early diagnosis,
risk assessment, and clinical decision-making. Ruminants, particularly
cattle, are the primary reservoirs of STEC, although other mammals and
birds can also act as carriers. Transmission to humans primarily occurs
through consuming contaminated food and water, including under-
cooked meat, unpasteurized dairy products, fresh produce, and
contaminated drinking water or water used for recreational activities
(such as swimming pools, lakes, or rivers). Cross-contamination during
food handling is another common cause of infection. Once ingested,
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STEC adheres to the intestinal mucosa, leading to diarrhea and the
release of systemic toxins (Freedman et al., 2023; Melinte et al., 2024;
Robert and Wiels, 2021). Given the low infectious dose of STEC and its
ability to persist in environmental reservoirs such as water and soil,
early and accurate detection of Stxs is essential for disease prevention
and clinical management. Conventional diagnostic methods, including
culture-based assays, enzyme immunoassays, and PCR, provide reliable
identification but often require specialized equipment, trained
personnel, and lengthy processing times (Brown et al., 2023; Hameed
et al., 2018; Hamm et al., 2019; Koutsoumanis et al., 2020; Springer
Browne et al., 2021; Yang et al., 2021, 2022; Zhu et al., 2022). The
ability to distinguish structurally similar biomolecules, such as Stxs,
presents a key challenge in molecular diagnostics, especially when
subtle differences hold significant clinical implications. Recent advances
in SERS biosensing technologies have paved the way for highly accurate
and sensitive detection of Stx2. Moreover, to the best our our knowl-
edge, it was our team that uniquely succeeded in realizing a sensor
capable of achieving such performance (Rippa et al., 2025; 2022). In this
study, we asses the performance of gold nanoparticle-coated Kapton as
flexible SERS sensors, focusing on their ability to detect and differentiate
highly similar molecular signatures. As a case study, we examine three
subtypes of Stxs (Stx1, Stx2, and cleaved Stx2), by analyzing their
spectral profiles to evaluate the sensor’s detection capabilities. The
ability to detect and differentiate these toxins with high specificity is
clinically relevant, as varying strains necessitate distinct therapeutic
strategies. For example, STEC-infected patients with blood Stx2 are at
higher risk of developing HUS than patients with circulating Stx1
(Ardissino et al., n.d.) therefore early discrimination of the two toxins is
important for patients’ management. If we consider Stx2, the cleaved
and native forms share the same cytotoxic activity for eukaryotic cells,
but largely differ in pathogenicity due to their different abilities to
interact with human circulating cells and the complement system during
early toxemia, a crucial step in the pathogenesis of HUS in STEC-infected
children (Brigotti et al., 2019). Native and cleaved Stx2 forms circulate
simultaneously in the blood of STEC-infected patients (Varrone et al.,
2023) triggering two different mechanisms: the release of pathogenic
extracellular vesicles by blood cells (native Stx2) and the activation of
the complement system (cleaved Stx2) (Brigotti et al., 2019). Their
contributions to the pathogenesis of HUS is based on vesicle-mediated
toxic effects (native Stx2) or on the complement-mediated lytic activ-
ity (cleaved Stx2) on renal target cells. The detection of the amounts and
relative proportion of the different Stx2 forms in patients’ blood would
provide important information for clinical diagnosis and management.
However, from an analytical standpoint, our emphasis is on demon-
strating that the sensor is sensitive enough to identify even the most
subtle spectral discrepancies. To validate this capability, we apply
Principal Component Analysis (PCA), which successfully differentiates
the three toxin variants based solely on their Raman spectra. This
finding highlights not only the potential of our Kapton-based SERS
sensor in pathogen detection but also its ability to resolve fine molecular
variations. Furthermore, one of the most promising aspects of our study
is the sensor’s ability to achieve an extremely low LOD, enabling the
identification of even trace concentrations of the analyzed toxins. This
high sensitivity is essential for early diagnosis and the prevention of
serious health complications. Since Stxs can be present in human blood
during infection, the flexible sensor could be used as a patch with in-
tegrated microneedles for minimally invasive blood sampling (Jiang and
Lillehoj, 2020). Such a system could enable fast, point-of-care di-
agnostics in clinical environments.

2. Materials and methods
2.1. Chemicals

Hydrogen tetrachloroaurate (III) trihydrate (HAuCls-3H50), triso-
dium citrate (NagC¢Hs07-2H20, 99 %), ethanol absolute anhydrous and
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toluene were purchased from Carlo Erba Reagents. 4-Mercaptobenzoic
acid (4MBA, 99 %) and phosphate-buffered saline (PBS, pH 7.4,
liquid) were obtained from Sigma-Aldrich. Polyimide tape (Kapton) was
supplied by MaoXinTek.

2.2. Synthesis of gold nanoparticles

Gold nanoparticles (Au NPs) stabilized with citrate were synthesized
by reducing tetrachloroauric acid. First, 1 mL of 1 % sodium citrate was
added to 97 mL of boiling HAuCl, solution (10~ g/mL) while stirring.
The mixture was boiled for 10 min (Grzelczak et al., 2008; Sharma et al.,
2024). While still boiling, 1 mL of sodium citrate and 1 mL of HAuCly
solution were added every 2 min, repeated three times. The solution was
then heated at 100 °C for another 20 min before cooling naturally.
Finally, 24 mL of the nanoparticle solution was centrifuged at 8000 rpm
for 10 min, and the precipitate was redispersed in a 50:50 deionized
water-ethanol solution to form the Au NP layer (Lin et al., 2020).

2.3. SERS substrate fabrication and morphological characterization

The SERS substrate was fabricated by assembling Au NPs at the
interface between two immiscible liquids using the Langmuir-Blodgett
self-assembly technique (Lin et al., 2020). First, 8 mL of toluene was
carefully layered over 80 mL of water to create a stable liquid-liquid
interface. Then, 4 mL of water-ethanol-dispersed Au NPs were slowly
injected using a mechanical syringe pump at 3 mL/h. As the toluene
evaporated, the Au NPs self-assembled into a monolayer at the interface
(SAM). Finally, this monolayer was transferred onto Kapton tape, to
obtain a gold nanoparticles flexible tape (GNPsFT) (Zhou et al., 2023a).
The nanostructures fabricated were characterized morphologically by
making use of scanning electron microscopy (SEM, Raith 150) and via
atomic force microscopy (AFM) in a semi-contactless configuration on a
5x5 pmz area.

2.4. SERS measurements

SERS spectra were recorded using a QE Pro-Raman system (Ocean
Optics) with an Olympus BX51 upright microscope in a backscattering
setup. The system operated at a 785 nm laser wavelength, with a 1200
lines/mm grating and a 25 pm input slit. A 50 x objective (N.A. = 0.75)
and a laser power of 12 mW were used for measurements. To estimate
the SERS enhancement factor (EF), approximately 40 spectra were
collected from different points on both the GNPSFT coated with a 4-MBA
SAM and a Kapton flexible tape (KFT) with bulk 4-MBA powder, in the
400-1800 cm ™! range with a 10-s acquisition time. The 4MBA SAM was
prepared by applying 10 pL of 10 mM 4-MBA in ethanol at 4 °C in a
humid environment for 12 h. The sample was then rinsed with water and
ethanol to remove unbound molecules. To estimate the inter-batch
reproducibility, we tested three independent batches; that is, three
gold layers were prepared on different days using the same protocol and
then transferred onto Kapton tape. For each batch, 10 pL of 10 mM 4-
MBA in ethanol was deposited at 4 °C in a humid environment for 12
h, and at least 40 measurements were taken at different points on each
sample. For Stxs detection, approximately 40 SERS spectra were
collected per toxin in the 350-1400 cm ™! range with a 10-s acquisition
time. All spectra were baseline-corrected and averaged using Omnic
software.

2.5. SERS detection of toxins

2.5.1. Shiga toxins

Stx1 and Stx2 were produced by E. coli C600 (H19J or 933W,
respectively) and purified by receptor analog affinity chromatography
as described in literature (Matussek et al., 2003; Ryd et al., 1989). Both
toxins were further purified on ActiCleanEtox columns (Ster-
ogeneBioseparations, Carlsbad, CA, USA) to remove contaminant
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bacterial endotoxin. Cleaved Stx2 (Brigotti et al., 2019) was obtained by
incubating native Stx2 (120 pg) with trypsin (1 pg) in 100 pL-PBS (1 h at
37 °C) followed by the addition of phenylmethylsulfonyl fluoride (14
ng) as inhibitor (10 min at 37 °C, final reaction volume 120 pL). Purified
toxins were stored at —80 °C in small aliquots and diluted with PBS
before each assay.

2.5.2. Fingerprint analysis

To obtain characteristic SERS peaks for each toxin, solutions were
prepared both in PBS and human serum at a concentration of 1047 ng/
mL. The PBS solutions were used to obtain representative SERS peaks
specific to each toxin, while the solutions in human serum allowed for
the identification of toxin peaks that remain detectable within the
complex serum matrix. A droplet of pure human serum was also
deposited under identical conditions to serve as a control. Droplets of
these solutions were deposited directly onto the substrates (a schematic
representation in Fig. 1) and incubated overnight in a humid chamber at
4 °C. The samples were then washed with bi-distilled water and dried
with Nj gas before SERS measurements.

2.5.3. Limit of detection

To determine the LOD, the same procedure as in Section 2.5.2. was
followed. Measurements were taken at toxin concentrations ranging
from 2 to 1047 ng/mL. After incubation, the nanosensor was washed,
and SERS spectra were recorded.

2.6. Data analysis

Spectral data were processed and analyzed using Origin2023 soft-
ware. Preprocessing steps included baseline correction and spectral
normalization to enable reliable comparisons among samples. Charac-
teristic toxin peaks were identified and assigned within Origin2023 to
ensure consistent interpretation across replicates. To distinguish be-
tween Stx1, Stx2, and cleaved Stx2, PCA was employed as a dimen-
sionality reduction method that retains the most relevant variance
within the dataset. PCA was carried out in R (version 2024.04.2 + 764)
using the ChemoSpec package. Subsequently, k-means clustering was
performed on the first two principal components (PC1 and PC2) using
the cluster package in R. This method was selected as an initial unsu-
pervised approach to evaluate whether spectral variations were suffi-
cient to separate the toxin types into coherent clusters (Ikotun et al.,
2023; Islam et al.,, 2021). Each resulting cluster was subsequently

Kapton

(O Gold nanoparticle

8 Shiga Toxin

Fig. 1. Schematic representation of the Stx2 deposition on the GNPsFT surface
via physical adsorption.



A. D’Avino et al.

labeled according to the corresponding toxin subtype, and the output
was assessed for consistency and discriminative power. While other
clustering methods were also explored during the analysis, k-means was
ultimately chosen for its clarity, efficiency, and compatibility with
PCA-driven separation tasks. Finally, one-way analysis of variance
(ANOVA) was applied to PC1 and PC2 via the stats package in R to
statistically evaluate whether the observed spectral differences between
toxin groups were significant. Each principal component was tested
separately to determine the contribution of toxin type to the overall
spectral variation.

3. Results and discussion
3.1. SERS substrate characterization

Au NPs were synthesized using the sodium citrate reduction method,
ensuring a uniform size distribution. A large-scale SAM of Au NPs was
then formed at the interface of two immiscible liquids using the Mar-
angoni effect (Lin et al., 2020) as shown in Fig. 2 (a) and transferred on
the Kapton tape (Fig. 2 (b)). The SEM (image in Fig. 2 (c)) confirms that
the Au NPs have a uniform size distribution, with an average diameter of
37 + 4 nm (measured by software ImageJ) and Relative Standard De-
viation (RSD%) value is 11.2 %. Moreover, based on SEM analysis, the
Au NP layer is evenly distributed, with no noticeable clustering, this is
essential for enhancing local electromagnetic fields, which in turn
strengthens the Raman signal and improves detection sensitivity.
Atomic force microscopy (AFM) revealed that the Au nanoparticle film
forms a continuous and uniform layer with strong adhesion to the
Kapton substrate (Giménez et al., 2002; Philip and Mohan, 2024) (Fig. 2
(d)). The three-dimensional profiles confirm well-defined nano-
structures and a high density of plasmonic hotspots (Jiang et al., 2004;
Kimura et al., 2013; METAL NANOPARTICLES ON POLYMER SUR-
FACES: 1. 747, 2001; Xu et al., 2007) (Fig. 2 (e)). Notably, a unidirec-
tional arrangement of nanoparticles was observed, suggesting effects
related to the propagation of the adhesive layer during deposition, as
reported in other nanostructured films(Ahmed et al., 2017; Caillard
et al., 2013; Georgiev et al., 2013; Hosny et al., 2014). These morpho-
logical features, including optimal nanoparticle size and surface ho-
mogeneity, are critical for efficient SERS performance and analyte
adherence.

—

(@)
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3.2. Gold nanoparticles flexible tape enhancement factor

The SERS capabilities of the self-assembled gold nanoparticle film on
our flexible substrate were analyzed using the 4MBA molecule as a
Raman probe. As shown in Fig. 3 (a), the SERS spectrum of 4MBA dis-
plays distinct fingerprint characteristics. A strong peak at 1079 cm™!
corresponds to in-plane ring breathing and C-S stretching vibrations,
while another peak at 1588 cm™! is linked to the C-C stretching vibra-
tion of the aromatic ring (Rippa et al., 2017, 2024; Zhou et al., 2023a).
By comparing the SERS spectrum with the bulk Raman spectrum of
4MBA (Fig. 3), we calculated the Enhancement Factor (EF) for the SERS
substrate using equation E.F. = [(Isgrs/Iraman) X (Nraman/Nsgrs)]
where ISERS(1079) = 27678 and IRAMAN(1079) = 277 while NRAMAN =27%X
10" and Nsgrs = 3.9 x 10° are based on our previous studies (Rippa
etal., 2022; Zhou et al., 2023; 2022). The EF value was determined to be
6.9 x 10° confirming the high sensitivity of the SERS substrate. To
assess uniformity, we collected SERS spectra from random points on the
substrate. The Raman spectra from these points were highly consistent,
with no noticeable shifts or variations in the characteristic peak.
Generally, the reproducibility of the SERS substrate was evaluated by
calculating the RSD%. In this case, the RSD% values for the peaks at
1079 cm™! and 1588 cm™! were 7.4 % and 8.2 %, respectively. To es-
timate inter-batch reproducibility, three independent batches were
tested, resulting in the three spectra shown in Fig. 3(b) and the quan-
titative data reported in Table 1. The inter-batch RSD% for the
enhancement factor calculated across the batches was 6.5 %, and the
overall mean E.F. across batches was 7x10° demonstrating good
reproducibility between independent sensor preparations. In our pre-
vious work (Zhou et al., 2023) we evaluated the stability of an analogous
Au NP self-assembled SERS substrate on silicon, observing only ~10 %
signal loss for 4MBA after three months under ambient conditions. Since
the fabrication protocol and enhancement factor are comparable, we
expect similar long-term stability. Literature further supports this,
showing Au-based SERS substrates typically retain performance for
months to over a year when stored in dry, room-temperature conditions,
with <15 % signal decrease (Shao et al., 2024; Sweedan et al., 2024;
Wiriyakun et al., 2016; Xing et al., 2022). Kapton’s chemical and ther-
mal stability further reinforces its suitability for field applications
(McDonnell et al., 2023).

(e)

Fig. 2. Gold nanoparticles self - assembled monolayer on the flexible substrate: (a) Preparation of flexible SERS sensor. (b) Final photograph of the GNPsFT. (c) SEM
image of the fabricated Au NPs layer on the Kapton. (d) 3D AFM scan from 5 x 5 pm? area. (e) Cross sectional profile analysis. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. (a) EF evaluation: Raman (blue) and SERS (magenta) spectra of 4MBA powder on the kapton tape and 4MBA solution (10 mM) on the gold nanoparticles layer
attached to kapton tape, respectively. (b) Inter-batch variability: Representative SERS spectra of 4MBA solution (10 mM) obtained from three independent gold
nanoparticle layers transferred onto Kapton tape, prepared on different days under identical conditions. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

Table 1

Summary of SERS substrate reproducibility across three independent fabrication
batches. For each batch, the enhancement factor (E.F.), mean intensity of the
characteristic 4MBA peak at 1079 cm™}, and intra-batch relative standard de-
viation (RSD%) calculated from 40 measurements are reported.

Batch E.F. IMEAN 1079 Intra_batch_RSD %
1 6.9x 10° 27678 7.4 %
2 6.4x10° 25637 6.8 %
3 7.3x10° 29231 9.1 %

3.3. Stx2 fingerprint

Detecting Stx2 accurately is essential for diagnosing and managing
infections caused by STEC. The SERS analysis of Stx2 revealed a unique
spectral pattern (Fig. 4 (a)), highlighting the toxin’s specific structural
and chemical features in PBS. A tentative assignment of the toxin SERS
bands is provided in Table 2. The SERS fingerprint spectrum of Stx2
provides detailed insights into its molecular structure and vibrational
modes. The observed bands are consistent with the expected chemical
and structural features of a complex protein composed of multiple
subunits. Bands in the region 500-540 are linked to disulfide bonds and
that at 547 cm™! to tryptophan. This shows that S-S bonds formed by
cysteines residues keep the tertiary shape of Stx2 stable. Peaks observed
in the region between 600 and 750 cm ™! have been attributed to tyro-
sine (at 657 cm ™) in the region of the Fermi’s resonance and to the C-S
stretching of methionine (724 cm™1). The prominent peak at 1265 em™,
attributed to the amide III a-helix modes, confirms the presence of well-
ordered secondary structures, indicating a substantial contribution of

a-helices to the toxin’s overall architecture. In addition, the strong band
at 1141 cm ™}, assigned to C-N stretching and CH bending, emphasizes
the contribution of the polypeptide backbone to the overall Raman
signature. The assignment of bands at 1345, 1375, and 1419 em ! to
CHy/CH3 bending and COO™ vibrations suggests significant involve-
ment of amino acid side chains. Altogether, the vibrational fingerprint
obtained by SERS provides a comprehensive molecular signature of
Stx2, capturing both its backbone architecture and the specific contri-
butions from side-chain functionalities. The SERS fingerprint spectrum
was obtained also in the presence of a biological fluid such as human
serum (Fig. 4 (b)) showing the same peaks observed in the presence of
PBS, even though changes in intensity or shape of some bands were
recorded (Table 2). In particular, the band related to the amide III
o-helix modes (1265 cm’l) appeared less structured and blunted, as well
as the subsequent region comprising the peaks at 1345, 1375 and 1419
cm L. Interestingly, the band attributed to the C-S stretching of methi-
onine (724 cm™1) is more prominent and sharper under this condition.
In conclusion, protein fouling due to the addition of human serum while
giving measurable changes did not significantly alter the spectral
pattern of the toxin.

3.4. Limit of detection of gold nanoparticles flexible tape

To evaluate the developed sensing system’s performance in detecting
Stx2, we determined its LOD in the presence and in the absence of
human serum. For the concentration used (2, 3, 5, 50, 1047 ng/mL in
PBS; and 50, 100, 500, 1047 ng/ml in serum), we collected approxi-
mately 40 measurements and used the average Raman intensity to get
statitically reliable results. We evaluated the experiment’s robustness by

= Stx2 1047 ng/mL
blank

1265

C)

Stx2 1047 ng/mL,
(b)

Iﬂ]ﬂo counts

1265

T T T T T
600 800 1000 1200 1400

Raman Shift cm™

1600 400

T T T T
800 1000 1200 1400

Raman Shift (cm™)

T
600 1600

Fig. 4. (a) SERS fingerprint of Stx2 in PBS: spectrum of Stx2 in PBS on the Au NP flexible tape (green) compared to the blank spectrum of the Au NP layer on Kapton
tape (black). (b) SERS fingerprint of Stx2 in human serum: spectrum of Stx2 in human serum on the Au NP flexible tape (blue) compared to the spectrum of human
serum alone (yellow). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 2

Tentative assignment of the main peaks observed in the SERS spectrum of Stx2,
recorded both in PBS and human serum. The table lists characteristic vibrational
modes and their corresponding wavenumbers, providing a detailed interpreta-
tion of the spectral features and highlighting any intensity or shape changes

observed in biological fluid.

Wavenumber Assignment Stx2 on  Peak changes in References
(em™) flex substrate the presence of
human serum
500 Protein S-S - (Benson K et al.,
1967; Chen C. M
and Lord R. C, 1976;
Lin and Koenig,
1976; Nakamura
et al., 1997)
547 Protein S-S Fare clic o toccare  (Lin and Koenig,
Trp qui per immettere 1976; Nakamura
il testo. et al., 1997; Chen C.
blunted M and Lord R. C,
Fare clic o toccare 1976)
qui per immettere (Fazio B et al., 2016;
il testo. Rippa et al., 2022;
Szekeres and
Kneipp, 2019)
601 Ring breathing blunted Zhu et al. (2011)
657 Tyr ring - (Lin and Koenig,
deformation 1976)
724 Tyr enhancedFare clic Fazio et al. (2016)
Ile o toccare qui per (Huang et al., 2020;
v(C-S)T immettere il testo. Jess et al., 2007;
Met C-S Kudelski, 2005)
stretching
847 Tyr enhanced (Chen C. M and Lord
R. C, 1976; Fazio
et al., 2016; Lin and
Koenig, 1976)
890 CS bond or - (He et al., 2023;
aromatic ring Szekeres and
Trp Kneipp, 2019
960 Phosphate (P-H blunted Aitekenov et al.
bending and P-O (2022)
stretching)
1075 Strong C9 H’s - (Chou et al., 2008;
stretch He et al., 2023;
causing a strong Fazio et al., 2016)
inner ring
distortion on C9,
C10, C11, wagging
of H39, asymmetric
stretch of benzene
ring at C11,
wagging of H40
n(Ca-N)
Trp
1141 v(CN) blunted Chou et al. (2008)
Stretching (CN) Fare clic o toccare (Biswas et al., 2023)
protein qui per immettere Fazio B et al. (2016)
Tyr il testo. (Huang et al., 2020)
In-plane CH
bending, ring CH
bending
1265 Amide III alpha less structurated (Brigotti et al.,
helix and blunted 2019; Fraser et al.,
2004; Loxd and Yu,
1970)
1345 Wagging (CH2, - Willets (2009)
CH3)
1375 5 (CO0), vs (CO0-) - Shahid et al. (2024)
1419 Bending of CHy/ Fare clic o toccare (Botti et al., 2018;
CHj3 groups and/or qui per immettere Madzharova et al.,
C-N stretching il testo. 2016; Simeral et al.,
blunted 2021)
1447 Stretching C-H - (Biswas et al., 2023)
1488 Tryptophan ring Fare clic o toccare ~ Barhoumi and Halas

modes or C=C/
C=N stretches in
proteins

qui per immettere
il testo.
blunted

(2010)
Negri and Schultz
(2014)
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Table 2 (continued)

Wavenumber References

(em™)

Assignment Stx2 on
flex substrate

Peak changes in
the presence of
human serum

Fare clic o toccare
qui per immettere
il testo.

performing independent runs, each utilizing a sensor sourced from
distinct manufacturing batches. The findings remained consistent across
these independent trials, supporting the reliability of the observed out-
comes. The sensor’s performance in detecting Stx2 was evaluated by
analyzing the Raman intensity at 1265 cm™', Amide III vibration cor-
responding to a-helices (Brigotti et al., 2019; Fraser et al., 2004; Loxd
and Yu, 1970). As shown in Fig. 5 (a) and in Fig. 5 (c), the SERS signal
intensity increases with higher toxin concentrations, demonstrating a
clear dose-dependent response. The relationship observed between the
SERS intensity and the toxin concentration further validates the quan-
titative capabilities of the developed system.

In Fig. 5 (b) and 5 (d), the y-axis shows the net SERS intensity of the
toxin’s highest peak at 1265 cm ™ '. The experimental data exhibit a good
linear relationship between the intensity and the logarithmic values of
the toxin concentration in the range 3-1047 ng/mL (PBS) or 50-1047
ng/ml (serum). The best-fit equations, Isyo = a Log[Stx2]+b, were ob-
tained with a = 21566, b = — 11146 or a = 758.66, b = — 1146, and R?
values of 0.9604 or 0.97 (green line in Fig. 5 (b) and blue line in Fig. 5
(d)) with PBS or serum, respectively. The LOD was calculated by using
the equation [(3 x 6)/a] (Mocak et al., 2009; Shrivastava and Gupta,
2011) where ¢ is 166 and represents the standard deviation of the blank
control (Rippa et al., 2024; Suleimenova et al., 2024; Tuckmantel Bido
and Brolo, 2023). Using this approach, the LOD for Stx2 was determined
to be 15 pM in the presence of PBS or 67 pM in the presence of human
serum. To the best of our knowledge, we are the first to detect Stx2 with
an ultra-low LOD using a flexible SERS substrate made via a simple,
cost-effective bottom-up method (Lin et al., 2021; Zhou et al., 2021).
Importantly, the value obtained in PBS is similar or below the lower
limits of clinically relevant Stx concentrations measured in stools and
sera of STEC-infected patients. Indeed, bead-ELISA measurements re-
ported toxin levels in stools ranging from 0.71 to 10.44 ng/mL
(approximately 10-150 pM) for Stx1 and 2.75-51.61 ng/mL for Stx2
(approximately 40-750 pM) (Armstrong et al., 2018a). The higher LOD
obtained in the presence of human serum fits within the range of con-
centrations of Stx found in patients’ sera and detected by ELISA: 10-200
pM (Stx1) and 30-90 pM (Stx2) (Brigotti et al., 2020 Thromb Haemost,
2020; 120:107-120). Finally, Stx have been observed bound to poly-
morphonuclear leukocytes at very high concentrations (nanomolar
range) (Varrone et al., 2021; Brigotti et al., 2011). These findings indi-
cate that our system provides a sensitivity suitable for the determination
of clinically relevant Stx concentrations, thus supporting its potential for
application in real diagnostic settings in the earlier stages of the disease.
As shown in Table 3, our flexible SERS substrate is comparable to or
outperforms many other flexible platforms reported in the literature,
both in terms of detection performance and fabrication simplicity. We
also checked how reproducible the results were by calculating the RSD%
at each concentration. This helped us measure the space homogeneity of
the sensor. The RSD% values were 7.23 % at 2 ng/mL, 6.67 % at 3
ng/mL, 8.54 % at 5 ng/mL, 12.5 % at 50 ng/mL, and 11.9 % at 1047
ng/mL, showing good repeatability even at low toxin levels. The low
variation across concentrations indicates strong reliability within the
sample. Table 4 demonstrates that our method works better than both
traditional techniques (e.g., PCR, Lateral Flow Immunoassay, and
ELISA) and newer strategies (such as LSPR and SPRi), emphasizing its
enhanced sensitivity.
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Fig. 5. SERS measurements of the Stx2: (a) Comparison between the spectra of the Stx2 at increasing concentrations of Stx2 in PBS. (b) Calibration curve achieved by
plotting the 1265 cm ™! peak intensity vs the logarithmic of toxin concentrations and linear fit associated with data (green line). (c) Comparison between the spectra
of the Stx2 at increasing concentrations of Stx2 in human serum. (d) Calibration curve achieved by plotting the 1265 cm ™! peak intensity vs the logarithmic of toxin
concentrations and linear fit associated with data (blue line). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Table 3
A list of flexible SERS substrates fabrication methods and SERS performance.
Substrate Composition Fabrication method Analytes E. Uniformity (RSD) LOD Ref.
F.
Kapton tape Au NPs Self-assembly 4MBA and Shiga  10°  <12.5 % for 40 15pMinPBS and 67 pMin human  This work
toxins random points serum
PDMS Core-shell Au@Ag Self-assembly Bacteria 107 - 2.79 CFU/m E. coli, 3.42 CFU/m Zhou et al.
nanoparticles S. aureus and 4.52 CFU/mL P. (2025)
aeruginosa
PDMS Ag NRs Glancing angle deposition Thiram 10®  Within 20 % 2.4 x10°gem? Kumar
etal
(2017)
PDMS Au NPs on colloidal Nanosphere lithography, soft BT 100 - 1 nM Kang et al.
particle arrays lithography (2013)
PDMS Graphene/Au NPs Graphene transfer/physical R6G 107 - 1nM Chen et al.
deposition (2017)
PDMS Au nanostars Dip-coating/detached Benzenethiol 108 - 10 nM Park et al.
(2017)
PDMS Ag NPs AAO template and seeding 4-MBA/TMTD 107 5.8 % for 30 1.6 x 107° gem™2 Wang et al.
deposition random sites (2017)
Cellulose AuNRs and NFC Gravity-assisted filtration R6G - ~4 % (from 221 1nM Tian et al.
paper mixture method pixels) (2016)
Cellulose AgNPs In situ synthesis by SILAR RdB 10° 4.2 % for 10 10 pM Kim et al.
filter paper different substrates (2015)
Cellulose Au NRs Dropped on paper substrate BPE 10° 15 % (along the 0.5 nM Lee et al.
filter paper length of a fiber) (2011)
Cellulose AgNPs In situ synthesis by SILAR RdB and 2-NT 107 <11 % from 400 1pM Chen et al.
paper spots (2019)
PCL film Ag film Uniaxially stretching 4-MBT and MG - 6.48 % for 45 100 nM Xu et al.
random points (2017)
PMMA Graphene/Ag- Chemical reduction method R6G - Lower than 10 % 0.01 pM Qiu et al.
nanoflowers (2017)
PVP Ag NPs One-step electronic reduction 4-ATP 10° - 0.1 pM Wang et al.
(2016)
Polyimide Ag@Au NPs In situ synthesis by chemical BPE and Thiram 10”7 8.7 % for 30 1nM (Liu et al.,
reduction and galvanic random points 2020)
replacement
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Table 4
Comparison with current technologies for Stxs detection.

Technique Feature Analytes  LOD Ref.

SERS Gold NPs self- Stx2 15 pM This work
assembled on kapton in PBS
tape and 67

pMin
human
serum

ELISA Synthetic sample with ~ StxB 90 ng/ Mirhosseini
antibody as receptor mL et al. (2022)

AlphaLISA Bead-based Stx 0.5 ng/ (Armstrong
immunoassay mL et al.,

2018ab)
Lateral Flow Based on AuNP and Stx2 25 ng/ Lu et al.
Immunoassay  CdTe QD ml (2020)

(mPCR) assay Vero cells in a three- Stx1, 32ng/ To and
dimensional (3D) Stx2 ml Bhunia
platform (2019)

LSPR Gold nanoparticles Stx2 10 ng/ Yaghoubi
bound to antibodies mL et al. (2023)

LSPR Cell surface Stx 10 ng/ Nagatsuka
oligosaccharides on mL et al. (2013)
glycol chips

SPRi Biochip with 50-nm Stx1, 50 ng/ (Karbalaee
gold film Stx2 mL et al., 2025;

Wang et al.,
2020)

SPR 11- Stx 9.8 ng/ Karbalaee
mercaptoundecanoic mL et al. (2025)
acid-modified Chip
with protein G
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3.5. PCA-based differentiation of three Stxs on the gold nanoparticles
flexible tape

Traditional methods such as PCR and ELISA can struggle to differ-
entiate between toxin variants and isoforms because they may share
portions of their amino acid sequence as in the case of the Stx1/Stx2
comparison or the whole sequence as in the case of cleaved/uncleaved
Stx2, leading to diagnostic challenges. Because Stx2 is the primary toxin
responsible for severe disease, it is critical to have detection techniques
that can precisely identify it. The fabricated plasmonic substrate was
utilized to identify the SERS spectral fingerprints of three types of Stxs.
Each toxin was applied to three separate areas of the same substrate at a
concentration of 1047 ng/mL in PBS. Fig. 6 (a) displays the average
SERS spectra obtained for Stx1 (orange line), Stx2 (light blue line), and
cleaved Stx2 (green line) in PBS. PCA was applied to evaluate the
spectral differences among Stx1, Stx2, and cleaved Stx2 in both PBS and
human serum (Fig. 6 b and d). In PBS, the first two components
accounted for 47 % (PC1) and 38 % (PC2) of the total variance, yielding
three well-separated clusters corresponding to the different toxin sub-
types. Similarly, in serum, the PCA model explained 58 % (PC1) and 16
% (PC2) of the variance, and again produced a clear separation of the
three groups, despite the additional complexity of the biological matrix.
The consistent clustering across both environments highlights the
robustness of the flexible SERS platform and its ability to retain strong
discriminative performance when moving from buffer to serum. The
absence of overlap between groups confirms that the spectral differences
captured by the PCA are sufficient for reliable toxin classification.
Further validation through k-means clustering and ANOVA, reported in
the Supplementary material, corroborates these findings and quantita-
tively supports the statistical significance of the group separation.

Stx2
Stx2 cleaved

0.00 —
-0.01 —
R 1 \ \ J \
-0.010 -0.005 0.00 0.005 0.010
PC1 score (47%)
(d)
stx2
Stx2 cleaved
0.00 —
-0.01—
-0.02 -

| | | | |
-0.005 0.00 0.005 0.010 0.015

PC1 score (58%)

Fig. 6. Differentiation of three Stxs: (a) SERS spectra showing the characteristic signals of the three toxins in PBS (Stx1 as orange curve, Stx2 as light blue curve,
cleaved Stx2 as green curve). (b) PCA of the SERS spectra for the three toxins in PBS (Stx1 as yellow dots, Stx2 as light blue dots, cleaved Stx2 as green dots). (c) SERS
spectra showing the characteristic signals of the three toxins in human serum (Stx1 as dark orange curve, Stx2 as dark blue curve, cleaved Stx2 as dark green curve).
(d) PCA of the SERS spectra for the three toxins in human serum (Stx1 as dark orange dots, Stx2 as dark blue dots, cleaved Stx2 as dark green dots). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Together, these results demonstrate that the sensor not only achieves
accurate discrimination in a controlled buffer system but also maintains
its high performance in complex biological samples, underscoring its
potential for practical diagnostic applications.

Analysis of the SERS spectra revealed distinct fingerprint patterns for
each toxin, highlighting differences in their molecular structures and
chemical compositions. A detailed assignment of spectral peaks for Stx2
is provided in the previous paragraph (Table 2). The SERS spectra of
Stx1, Stx2, and cleaved Stx2 show differences that reflect their structural
variations. Stx2 (blue spectrum) shows sharp and intense peaks, espe-
cially at 1075, 1141, 1265, and 1488 cm™!. These signals suggest that
the Stx2 on the SERS surface might be differently arranged, with strong
amide vibrations and contributions from side-chain groups like C-N and
CHy/CH3 bending. Cleaved Stx2 (green spectrum) shows broader and
weaker peaks, indicating local rearrangements after single proteolytic
cleavage. Some features of Stx2 are still present but less defined in Stx1
spectrum (orange spectrum) that shows a weak signal and broad, poorly
defined peaks, especially in the 1260-1300 cm ! region, where a-helix
bands are expected. In this region a new emerging peak at 1282 cm™ is
visible in cleaved Stx2 and well represented in Stx1. This may suggest a
different arrangement of the toxin on the SERS surface or a different
orientation compared to Stx2. Moreover, the peak related to methionine
C-S stretching at 724 cm ™! is highly or moderately enhanced in cleaved
Stx2 and Stx1 spectra, respectively. Additionally, the peaks at 890 and
960 cm ™' —associated with C-S bonds, Trp and Phosphate (P-H bending
and P-O stretching) —are strong in Stx2, broad in cleaved Stx2, and
absent or faint, respectively, in Stx1, likely because these groups are
more internally located and harder to access. The peak at 1419 cm ™ is
found only in Stx2. It may be due to CHz/CHs bending and C-N
stretching from exposed amino acid side chains. Finally, the peak at
1375 em™! is more intense and broad in cleaved Stx2 and Stx1 than in
Stx2. However, the presence of many shared peaks suggests that core
structural elements are conserved across the three toxins. Despite some
shared spectral features, the SERS profiles of Stx1, Stx2, and cleaved
Stx2 show distinct differences in peak intensity, shape, and pre-
sence—such as the 1419 cm ™! band exclusive to Stx2 or the 890 and
960 cm™! peaks absent in Stx1. The described exclusive differences
among toxins are conserved even in the presence of human serum (Fig. 6
(c)) although its addition modifies intensity and shape of other bands
belonging to Stx1 and cleaved Stx2, as previously detailed for Stx2. In
the presence of serum, peaks at 724 cm ! are enhanced in Stx1 and
cleaved Stx2 fingerprints, as described above for Stx2, whereas a com-
mon feature of the three toxins is the increased intensity of the band at
1000 cm~!. With human serum, the peak at 1282 cm ™ is more defined
in Stx1, whereas in cleaved Stx2 it concurs to the broadening effect
already observed for the 1265 cm™! band in Stx2. The differences be-
tween the three toxins observed under different conditions (with or
without human serum) reflect underlying structural variations and
confirm that each toxin has a unique vibrational fingerprint. This could
be due to intrinsic differences in amino acid composition and protein
conformation (Stx1 vs Stx2) or could be related to changes in the flex-
ibility of the molecule after cleavage (Stx2 vs cleaved Stx2). Moreover,
the different orientation of toxin molecules in binding the biosensor is a
further element to be considered as source of signal diversity within the
same toxin group or between the different groups. However, due to
natural spectral variability and overlapping regions, visually dis-
tinguishing between the toxins in unknown samples remains chal-
lenging. To address this problem, PCA was applied to enhance the
separation of spectral profiles. As shown in Fig. 6 (b), it reduced the
complexity of the dataset by projecting it into a two-dimensional space
defined by the first two principal components (PC1 and PC2). The
resulting plot clearly displays three distinct clusters corresponding to
Stx1 (yellow), Stx2 (light blue), and cleaved Stx2 (green), demonstrating
successful differentiation among the subtypes. PC1 accounts for 47 % of
the total variance, while PC2 explains 38 %, together capturing over 80
% of the dataset’s variability—a level generally considered sufficient for
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robust classification. These results confirm that the combination of
flexible SERS substrates with PCA enables accurate and label-free
identification of Shiga toxin variants in PBS, without the need for
antibody-based detection. To support the clustering performance
observed in the PCA, we additionally performed k-means clustering and
one-way ANOVA on the PCA-transformed data, confirming the statisti-
cal robustness of the toxin discrimination. Full results are provided in
the Supplementary material.

4. Conclusions

This work reports a flexible, cost-effective SERS sensor based on
Kapton® coated with self-assembled gold nanoparticles, achieving for
the first time to the best of our knowledge, ultrasensitive, label-free
detection and robust differentiation of Shiga toxins (Stx1, Stx2, and
cleaved Stx2). The platform delivers an high detection limit (15 pM for
Stx2), high inter-batch reproducibility (RSD% = 6.5 %), and effective
spectral discrimination between closely related toxins using PCA.

To assess real-world applicability, the study was extended to human
serum. Despite minor spectral variations, the fingerprint of Stx2
remained clearly detectable, with a calculated LOD of 67 pM—only
slightly higher than in PBS and well within clinically relevant toxin
levels. Importantly, the flexible, bottom-up SERS substrates enabled
ultra-sensitive detection and reliable discrimination of Stx1, Stx2, and
cleaved Stx2 in serum, with PCA, clustering, and ANOVA confirming
distinct vibrational fingerprints.

Together, these findings demonstrate the robustness, sensitivity, and
specificity of the approach, establishing flexible SERS technology as a
powerful and practical tool for the early detection and discrimination of
hazardous biomolecules in clinically and environmentally relevant
scenarios.
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Glossary

oSERS  Surface-enhanced Raman spectroscopy - a technique that
amplifies Raman scattering using plasmonic nanostructures,
enabling ultrasensitive molecular detection

eKapton a flexible polyimide tape fabricated for the first time by
Dupont

oStx Shiga toxin - a potent bacterial toxin responsible for severe
gastrointestinal and systemic diseases in humans

oSTEC  Shiga toxin-producing Escherichia coli - pathogenic strains of
E. coli that produce Shiga toxins

oHUS:  Hemolytic uremic syndrome - a life-threatening condition
characterized by hemolytic anemia, thrombocytopenia, and
acute kidney injury

oEF Enhancement Factor - a metric quantifying the amplification
of Raman signals in SERS relative to conventional Raman

«L.OD Limit of detection - the lowest concentration of an analyte that
can be reliably distinguished from background noise.

PBS Phosphate-buffered saline - a water-based salt solution used to

maintain pH and osmolarity in biological experiments
eHAuCl4-3H20 Hydrogen tetrachloroaurate(IIl) trihydrate a gold salt
used as precursor for gold nanoparticle synthesis
eNa3CgHs07-2H20 Trisodium citrate dihydrate a reducing and
stabilizing agent for nanoparticle synthesis
4-Mercaptobenzoic acid - a common Raman probe molecule
used to evaluate the enhancement capabilities of SERS
substrates due to its well-defined vibrational features
eLangmuir-Blodgett technique method to assemble nanoparticle
monolayers at liquid interfaces
eMarangoni effect Interfacial tension-driven flow facilitating
nanoparticle assembly at liquid interfaces
Scanning electron microscopy - high-resolution imaging
technique used to characterize nanostructures
Relative Standard Deviation - statistical measure of signal
reproducibility or variability across multiple SERS
measurements, expressed as a percentage of the mean signal
Localized surface plasmon resonance — A phenomenon where
conduction electrons in metal nanoparticles resonate with
incident light, enhancing local electromagnetic fields;
fundamental to SERS signal amplification
Surface plasmon resonance imaging — A label-free optical
technique used to monitor biomolecular interactions in real
time by detecting changes in refractive index near a metal
surface
Enzyme-linked immunosorbent assay — A widely used
biochemical method for detecting and quantifying specific
proteins, antigens, or antibodies through enzyme-mediated
colorimetric readouts
Polymerase chain reaction — A molecular biology technique
that amplifies specific DNA sequences, allowing sensitive and
specific detection of genetic material from pathogens
Principal component analysis - a statistical method used to
reduce data dimensionality and identify patterns in complex
datasets
clustering unsupervised machine learning algorithm for
grouping similar data points
eANOVA Analysis of variance, statistical method to assess differences
between group means

«4MBA

oSEM

eRSD

oLSPR

oSPRi

oELISA

oPCR

oPCA

eK-means

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.biosx.2025.100696.
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Data availability

The datasets generated and/or analyzed during the current study are
available from the corresponding author upon reasonable request.
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