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ABSTRACT: Shiga toxins-producing Escherichia coli (STEC) are Spectra_
zoonotic pathogens causing severe diseases such as hemorrhagic =
colitis (HC) and hemolytic uremic syndrome (HUS). Infections
caused by STEC represent a public health concern due to the
severity of the possible outcome and acute mortality. The early
diagnosis of the infection is pivotal to driving a correct therapeutic
protocol to limit the severity of the symptoms. The diagnosis is
quite cumbersome, requires specialized approaches, and thus is
rarely performed in the hospital, being managed by the relevant
national reference laboratory, delaying the administration of the
appropriate supportive care. In this context, the demand for ;
affordable diagnostic tests to be carried out at the bedside is crucial Kcluster |
for providing high-value healthcare. In this study, for the first time

to the best of our knowledge, we developed and optimized a highly sensitive SERS-based platform that can detect and identify the
two main Shiga toxin variants (Stx1 and Stx2a) as well as the cleaved form of Stx2a in human blood serum at extremely low
concentrations with limits of detection reaching 0.007 ng/mL (0.1 pM). This method uses affordable, sensitive, and very efficient
SERS substrates based on gold nanoparticle films, made with a cost-effective bottom-up approach, which are much cheaper than
those typically found in the literature. Our results show that the platform works well in complex biological samples, offering high
sensitivity and specificity. Moreover, integrating machine learning algorithms, such as principal component analysis (PCA), enables
accurate identification of toxin types, overcoming the limitations of conventional diagnostic methods. This innovative approach
represents a significant step toward accessible, rapid, and scalable clinical diagnostics, potentially transforming the early detection
and management of STEC-related infections and preventing life-threatening complications.
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1. INTRODUCTION
Accurately detecting and differentiating the main Shiga toxin

major antigenic types, Stxl and Stx2. Stx2, particularly its
subtypes (e.g, Stx2a, Stx2c, and Stx2d), is strongly associated

(Stx) types, Stxl Stx2, and the cleaved form of the latter
(cleaved Stx2) is a critical challenge in clinical diagnostics and
public health' ~® These toxins, produced by certain pathogenic
strains of Escherichia coli (Shiga toxin-producing E. coli;
STEC), are among the most potent bacterial toxins implicated
in human disease. Structurally, Stxs consist of two
components: an A subunit, responsible for the enzymatic
activity, and a pentamer of the B subunit, which facilitates
binding to host cell receptors (globotriaosylceramide, Gb3).
The toxin’s mechanism of action starts with the B subunit
binding to host cell surfaces, allowing the A subunit to enter
the cytoplasm. Once internalized, the A subunit halts protein
synthesis by cleaving a specific adenine residue from the 28S
rRNA, leading to cell death.” Stx are categorized into two
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with the most harmful consequence of STEC infections in
humans, namely hemolytic uremic syndrome (HUS), while
Stxl typically is displayed by strains causing diarrhea
(sometimes bloody) due to intestinal cell damage, abdominal
pain resulting from inflammation, fever, and dehydration from

fluid loss. Stx1 is rarely linked to HUS, but in rare cases, it may
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lead to complications like anemia, low platelets, and kidney
failure, especially with additional risk factors.”

Epidemiological data show that the risk of developing HUS
is highest in infections caused by STEC producing Stx2, while
dual production of Stxl1 and Stx2 reduces the likelihood of
severe disease. HUS primarily affects young children but can
occur at any age, often following ingestion of food or water
contaminated with STEC. The intimate adhesion of these
bacteria to the mucosa of the bowel causes diarrhea, followed
by the release in circulation of the potent Stxs. The toxins
target suddenly the endothelial cells of the gut leading to
bloody diarrhea, then bind to several circulating blood cells
(monocytes, neutrophils, and platelets). These cells are
stimulated by toxin binding and release large extracellular
vesicles which deliver a toxic cargo (Stx and other virulence
factors) to the glomerular endothelial cells of the kidney. HUS
arises as Stx-induced damage to endothelial cells in the kidneys
triggers platelet activation and promotes the formation of
microthrombi. This cascade results in the hallmark features of
HUS: microangiopathic hemolytic anemia, thrombocytopenia,
and acute renal failure. Effective management of HUS requires
prompt diagnosis, supported by clinical presentation, labo-
ratory findings, and microbiological assays. Treatment focuses
on supportive care, including fluid management, blood
transfusions, and dialysis. Long-term complications, such as
chronic kidney disease, hypertension, and neurological issues,
underscore the importance of early intervention.®

Recent research®®’ highlighted the circulation in the
patient’s serum of a cleaved form of Stx2a, in which the A
subunit splits into two fragments (Al and A2) connected by a
disulfide bond. This cleaved variant exhibits different binding
properties for human circulating cells compared to the native
toxin, contributing differently to disease progression. The
appearance of the cleaved Stx2a variant is less understood but
is suspected to play a critical role in pathogenesis, warranting
further investigation.

Conventional diagnostic methods, including culture techni-
ques, ELISA, and PCR, fall short in meeting the demands of
rapid and accurate toxin identification and characterization,
particularly when it comes to distinguishing between closely
related variants in complex biological matrices like human
serum. These methods often suffer from lengthy processing
times, limited sensitivity, and poor multiplexing capabilities.
The complex composition of serum (with its array of proteins,
lipids, and biomolecules) further complicates detection,
increasing background noise and reducing specificity.

This diagnostic bottleneck highlights the pressing need for
innovative tools capable of delivering high accuracy, sensitivity,
and reproducibility in toxin detection.'’~"?

Recent advancements in biosensing technologies1
particularly those based on plasmonic nanostructures, offer
transformative solutions.'®'” Surface-Enhanced Raman Spec-
troscopy (SERS) has gained attention for its sensitivity and
ability to generate unique molecular fingerprints through the
amplification of Raman signals.'® This is achieved by exploiting
the localized surface plasmon resonance properties of metallic
nanostructures, such as gold and silver nanoparticles.'”~** In
this context, SERS platforms based on plasmonic nanostruc-
tures, such as nanoparticles, present a powerful alternative.
SERS achieves remarkable signal amplification primarily
through electromagnetic mechanisms driven by localized
surface plasmon resonances (LSPRs).”> These resonances
arise when light interacts with metallic nanostructures,
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inducing collective oscillations of conduction electrons at the
nanoparticle surface. When nanoparticles are closely spaced,
strong plasmonic coupling can occur, resulting in the
formation of highly localized electromagnetic “hot spots” in
the narrow interparticle gaps.”* Molecules located in these
regions experience intense field enhancement, often boosting
Raman signals by several orders of magnitude.”

Several studies have demonstrated the potential of SERS for
detecting bacteria, viruses, and toxins, underscoring the
importance of substrate design in achieving high performance.
Indeed, these nanostructures, precisely engineered to enhance
local electromagnetic fields, significantly boost the detection
process.zs_30 In systems based on Langmuir—Blodgett (LB)
self-assembly, gold nanoparticles (Au NPs) are organized into
highly ordered and densely packed monolayers with controlled
interparticle distances. This structural regularity ensures
consistent generation of hot spots across the substrate,
optimizing both the intensity and reproducibility of the
SERS signal.>’ Additionally, the ordered arrays can support
collective plasmonic modes, enhancing uniformity over large
areas. These combined effects make LB-fabricated films a
powerful platform for developing sensitive and reproducible
SERS-based sensors.”> This intense and localized electro-
magnetic enhancement plays a central role in enabling the
extremely low detection limits achieved with our SERS
substrate, as it significantly boosts the Raman signal even
from trace amounts of analyte.”

AuNPs are among the most widely used plasmonic materials
for SERS due to their chemical stability and strong localized
surface plasmon resonance.”* While colloidal AuNPs are
commonly employed in suspension for rapid SERS analysis,
their stochastic aggregation and lack of structural control often
result in poor signal reproducibility and inconsistent enhance-
ment.”> In contrast, the approach based on LB self-assembly
enables the fabrication of highly ordered monolayers with
uniform interparticle spacing on solid substrates. This
controlled architecture ensures a dense and reproducible
distribution of electromagnetic hot spots and improving
substrate stability and batch-to-batch consistency. Compared
to conventional colloidal systems, the self-assembled Au
monolayer provides a more robust and tunable platform,
which is particularly advantageous for applications requiring
high sensitivity and reliable spectral performance.’*>***” The
fabricated nanostructures, precisely engineered to enhance
local electromagnetic fields, significantly boost the detection
process 2628303

By optimizing parameters such as size, shape, and arrange-
ment, it becomes possible to detect specific toxins even at trace
levels among the complex environment of human serum.”**°
Furthermore, SERS is a label-free technique, eliminating the
need for external labels or colorants that complicate assay
preparation and introduce variability. SERS stands out as a
promising candidate for detecting Stxs in human serum. It
allows clear differentiation between variants such as Stxl,
Stx2a, and cleaved Stx2a based on their distinct vibrational
patterns. Moreover, advanced analytical methods, such as
Principal Component Analysis (PCA), further enhance SERS
capabilities by enabling the precise classification of toxin
variants based on fine spectral differences.’

In this study, we present a novel cost-effective SERS-based
diagnostic platform for real-life applications of SERS utilizing
gold nanoparticles substrates for the specific detection of Stxl,
Stx2a, and cleaved Stx2a in human serum. By combining the
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molecular specificity of Raman spectroscopy with the signal
enhancement of our biosensors, fabricated using very simple
and low-cost methods, this platform achieves label-free and
ultrasensitive detection of Stxs. Our PCA results, used to
analyze small differences in the SERS spectra, show that
combining SERS with PCA can be an effective and fast method
for detecting and typing Stx without requiring probes or labels
demonstrating the sensor’s ability to overcome the limitations
of conventional methods, offering a rapid, reliable, and scalable
solution. Our results can potentially revolutionize diagnostics
for STEC infections, enabling timely clinical management and
reducing the incidence of severe complications like HUS. This
approach connects advanced nanotechnology with real-world
clinical needs, opening the door to easy-to-use, point-of-care
diagnostic tools that address one of the biggest challenges in
detecting infectious diseases.

2. MATERIALS AND METHODS

2.1. Chemicals. Hydrogen tetrachloroaurate (III) trihydrate
(HAuCl,-3H,0), trisodium citrate (Na;C¢HsO,-2H,O, 99%), and
toluene were purchased from Carlo Erba Reagents. 4-Mercaptoben-
zoic acid (4MBA, 99%), phosphate-buffered saline (PBS, pH 7.4,
liquid), and p-type Si (100) wafers (boron-doped, resistivity 0.7—1.3
Q-cm) were obtained from Sigma-Aldrich. Sulfuric acid (H,SO,, 90—
98%) was sourced from Alfa Aesar, while hydrogen peroxide (H,O,,
30%) came from VWR Chemicals. Bovine serum albumin (BSA) was
obtained from Biowest.

2.2. Treatment of the Silicon Wafer. A silicon wafer was
cleaned by immersing it in a solution of H2SO4:H202 (7:3 by
volume) at room temperature for 2 h, following a typical hydrophilic
treatment. It was then thoroughly rinsed with deionized water and
dried using nitrogen gas. The sample is ready for activation using the
Diener Pico plasma cleaner under low pressure at room temperature,
operating at 80% power for 60 s.

2.3. Synthesis of Gold Nanoparticles (Au NPs). Au NPs
stabilized with citrate were synthesized by reducing tetrachloroauric
acid. To create a wine-red solution, 1 mL of 1% sodium citrate was
added to 100 mL of a boiling solution of HAuCl4 (10™* g/mL) while
stirring, and the mixture was boiled for 10 min.*>*' While continuing
to boil, 1 mL of the sodium citrate solution (1%) and 1 mL of the
HAuCl4 solution (10™* g/mL) were added every 2 min, repeating this
process three times. The solution was then heated at 100 °C for an
additional 20 min before being left to cool naturally. At the end of the
reaction, 24 mL of the nanoparticle solution was centrifuged at 8000
rpm for 10 min to collect the precipitate, which was then redispersed
in 50:50 deionized water—ethanol solution for the formation of the
Au NPs layer.”’

2.4. SERS Substrate Fabrication. The SERS substrate was
fabricated by assembling Au NPs at the interface between two
immiscible liquids, following a modified method.*” First, 8 mL of
toluene was carefully poured on top of 80 mL of water to form a
stable liquid/liquid interface. Next, 4 mL of water—ethanol dispersed
Au NPs was slowly introduced to the interface using a mechanical
syringe pump at a flow rate of 3 mL/h. As the toluene evaporated, the
Au NPs naturally self-assembled into a monolayer at the liquid
interface. Finally, this monolayer was transferred onto a silicon
wafer.”

2.5. SEM Characterization. The nanostructures fabricated were
characterized morphologically by making use of scanning electron
microscopy (SEM, Raith 150).

2.6. Reflectance Spectroscopy: LSPR Measurement. LSPR
reflectance spectroscopy was employed to investigate the plasmonic
characteristics of the sensor using a home-built optical setup. A
broadband white light laser source was directed onto the self-
assembled monolayer of gold nanoparticles deposited on a silicon
substrate. The light reflected from the sensor surface was captured
through a fiber-optic cable and subsequently analyzed using a
USB4000 spectrometer. The reflectance spectra were recorded across
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the 400—1050 nm wavelength range. Additional details of the optical
arrangement are provided in the Supporting Information (SI), Figure
S1.

2.7. SERS Measurement. SERS spectra were recorded using a
Raman system (QE Pro-Raman, Ocean Optics) coupled with an
upright microscope (Olympus BXS1) in a backscattering config-
uration. The system was configured for 4 = 785 nm with a grating of
1200 lines/mm and an input slit of 50 ym. Spectra were collected
using a S0X (N.A. = 0.75) objective and a laser power of 12 mW. In
the case of Stx sensing, for each sample, 40 SERS spectra from
different points were collected in the range of 350—1400 cm™" with an
acquisition time of 10 s. In all cases investigated, spectra recorded
were subsequently baseline corrected and averaged using the software
Omnic.

2.8. SERS Toxins Detection. 2.8.1. Toxins and Antibodies. Stx1a
and Stx2a were produced by E. coli C600 (H19] or 933W,
respectively) and purified by receptor analog affinity chromatography.
Both toxins were further purified on ActiCleanEtox columns
(SterogeneBioseparations, Carlsbad, CA, USA) to remove contami-
nant bacterial endotoxin. Cleaved Stx2a® was obtained by incubating
native Stx2a (120 ug) with trypsin (1 pg) in 100 uL-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 yL).
Purified toxins were stored at —80 °C in small aliquots and diluted
with PBS before each assay. The functionalization of the proposed
platforms was achieved by using monoclonal antibodies (Toxin
Technology, Sarasota, Florida, United States) to Stx1 (Stx1—13C4)
and St2 (Stx2-BB12).

2.8.2. Fingerprint Analysis. For the fingerprinting of the toxins,
droplets of 1.047 X 10* ng/mL solutions of each toxin were directly
deposited on the substrates. Separate solutions were prepared in PBS
and human serum at 1.047 X 10* 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. Following droplet deposition, the
substrates were incubated overnight in a humid chamber at 4 °C. The
samples were washed seven times with 1 mL of bidistilled water and
dried with N, gas before SERS spectral data collection.

2.8.3. Monoclonal Antibodies Physioadsorption. The proposed
biosensor was constructed by noncovalently functionalizing the
nanopatterned gold surface through the physisorption of monoclonal
antibodies specific to Stxs (Figure 1). Specifically, SO uL of a 10 pug/
mL monoclonal antibody solution in PBS was applied dropwise onto
the nanostructured chip surface. The chip was then placed in a humid
chamber at 4 °C overnight, allowing for the physical adsorption of
antibodies targeting Stxl1 (AbStxl) and Stx2a (AbStx2, also for
cleaved Stx2a) onto the gold surface. Following incubation, the chip

$e98 8¢

Shiga Toxin
Antibody
Au NPs

Figure 1. Schematic representation of the attachment of antibodies to
the nanobiosensor surface via physical adsorption.
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was thoroughly washed five times with 1 mL of bidistilled water to
eliminate any unbound antibodies.

To minimize nonspecific signals, a blocking step was performed
before toxin deposition. The sensor surface was passivated with a 1%
w/w BSA solution, incubated for 1 h at 25 °C in a humid chamber,
and then rinsed with bidistilled water. A toxin solution with a final
concentration of 0.1 ng/mL in human serum was then applied to the
biofunctionalized nanostructures to evaluate biosensor performance.
The solution was incubated on the chip overnight at 4 °C in a humid
chamber. After incubation, the sensor was again washed five times
with 1 mL of bidistilled water and dried with N, before SERS
spectrum acquisition.

2.8.4. Limit of Detection - LOD. We used the same
functionalization procedure to evaluate our system’s limit of detection
(LOD). We performed repeated measures of toxin solution, at
concentrations of 0.0015—1.5 nM. The nanosensor was incubated
with a toxin solution for each measurement, and the SERS peak was
measured after washing.

2.9. Data Analysis. The spectra were analyzed using the
Origin2023 software. Baseline corrections and spectral normalization
were performed to ensure accurate comparison across samples. Peak
assignments were also conducted within Origin2023 to facilitate the
consistent identification of characteristic toxin peaks.

PCA is a statistical technique for reducing the dimensionality of
data sets while preserving the most important variance. In this study,
PCA was employed to discriminate between Stx1, Stx2a, and cleaved
Stx2a. Their SERS spectra are nearly identical, making visual
differentiation extremely difficult. This distinction is of great clinical
importance for accurate toxin identification. The analysis was
performed using R version 2024.04.2 + 764 and the ChemoSpec
package.

Following PCA, a k-cluster analysis was conducted using the cluster
package in R to categorize the samples into distinct groups based on
similarities in the first two principal components (PC 1 and PC 2).
The k-means clustering method was chosen to provide an initial
partitioning, allowing us to explore whether the spectral differences
could effectively group the toxin types.” Each cluster was then
assigned a label corresponding to the toxin type, and the clustering
results were reviewed for coherence and separability. We chose k-
means clustering as a simple and intuitive unsupervised learning
method that complements PCA, which is also unsupervised. This
approach allowed us to assess whether the classes are intrinsically
separable without relying on labeled data or supervised training.

After the k-cluster analysis, an analysis of variance (ANOVA) was
applied to PC 1 and PC 2 using the stats package in R to determine if
significant differences existed between the toxin groups identified.
Specifically, a one-way ANOVA was performed on each principal
component independently to evaluate the effect of toxin type on the
spectral features extracted by PCA.

2.10. Preliminary Assessment on HUS Patient Serum
Samples. To preliminarily assess the applicability of our SERS
platform to real clinical samples, we analyzed human serum obtained
from four patients diagnosed with HUS in the early and late stages of
the disease. The samples have been provided by coauthor Dr
Ardissino from the Center for HUS Control, Prevention and
Management (Ospedale Maggiore Policlinico, Milan). These sample
were previously tested with RT-PCR to assess the presence of stxI
and/or stx2 genes in feces.

Based on the RT-PCR results, one of the two samples collected
early was confirmed to contain both Stxl and Stx2, while the other
contained only Stx2. The samples collected in the late stage of the
disease were expected to contain negligible concentrations of Stxs
and, accordingly, the result of the assay was negative. Four separate
assays were conducted using anti-Stx2 and anti-Stx1 antibodies,
respectively.

For each toxin, SERS substrates were functionalized with the
corresponding antibody and incubated with (i) the patient serum as
received, and (ii) the same serum spiked with S ng/mL of the target
toxin, used as a positive control. The spiked concentration was
selected to ensure a measurable signal while remaining close to the

clinically relevant range. Spectral acquisition was performed as
described in previous sections, and PCA was used to evaluate the
similarity between spiked and unspiked samples.

3. RESULTS AND DISCUSSION

In this work, we tackle the challenge of creating a SERS-based
detection platform capable of rapid, in situ analysis of Stxs,
potent cytotoxins implicated in severe human diseases. We
developed a gold-based plasmonic substrate engineered for
optimal signal enhancement and specificity to achieve this.
Gold-based SERS substrates were developed using mono-
disperse Au NPs assembled into large-scale monolayers via a
liquid—liquid self-assembly method leveraging the Marangoni
effect. These substrates exhibit uniform nanoparticle distribu-
tion and minimal defects, optimizing local electromagnetic
field enhancement for Raman signal amplification. The
plasmonic substrate was optimized to operate with high
near-field enhancement at 785 nm, the laser source wavelength
of our SERS system. This was achieved by carefully calibrating
structural parameters, which enhance resonance and field
localization.

Our substrate enables the detection and precise discrim-
ination of Stx variants—Stxl, Stx2a, and cleaved Stx2a—
directly in human serum, addressing a significant challenge in
clinical diagnostics. Leveraging PCA as the primary tool for
data clustering, we achieved robust and reproducible
discrimination of the three toxin forms, even in complex
biological matrices. This was further reinforced through
validation by ANOVA and k-means clustering, confirming
the reliability and accuracy of our analytical approach.

Notably, the system exhibits an exceptionally low LOD of
0.007 ng/mL in serum, making it an ideal tool for early stage
detection where timely intervention is critical. The unparal-
leled specificity of our platform is attributed to the use of
highly selective monoclonal antibodies targeting Stx1 and
Stx2a, which ensure precise recognition while minimizing the
risk of cross-reactivity and false positives. This substrate,
consisting of self-assembled gold nanoparticles, has already
been studied and characterized by us in a previous work,”
including its temporal stability, measurement repeatability, and
reproducibility. The sensor exhibits an enhancement factor of
approximately 107; further details on the calculation and
mechanism are provided in the SL

Importantly, this high-performance substrate also exhibits a
favorable cost profile. The total fabrication cost, including
materials, processing, and personnel time, is approximately €15
per unit, which is significantly lower than many commercially
available SERS substrates. A detailed cost breakdown and
comparison are also provided in the SI.

The substrate’s stability has been previously assessed. Its
shelf life is up to three months, and full details are provided in
our earlier publication.”

Finally, to further evaluate the clinical relevance of the
platform, we analyzed serum samples collected from four
patients with confirmed STEC infections. One sample
contained only Stx2, while the other included both Stx1 and
Stx2. Despite the extremely low concentrations of circulating
toxin, consistent with the rapid clearance of Stxs from the
human body, we were able to detect and correctly classify the
presence and subtype(s) of the toxins using our SERS
platform. These findings demonstrate the system’s practical
utility in real-world scenarios and its potential as a diagnostic
aid for Stx-related diseases.
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Figure 2. (a) Scanning electron microscopy (SEM) image - scale bar: 100 nm of the fabricated Au NPs layer. (b) Fabrication procedure to obtain
gold nanoparticles self-assembled monolayer (c) Photograph of the SERS substrate.
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Figure 3. SERS spectra of the three toxins measured in (a) PBS and (b) serum. The spectra in panel (a) show the characteristic signals of the three
toxins in PBS (Stx1 as pink curve, Stx2a as green curve, cleaved Stx2a as light blue curve) while panel (b) presents their respective spectra in serum

alongside the spectrum of serum alone (black line).

This work represents a transformative step for clinical
diagnostics, offering a powerful tool for accurate toxin profiling.
By enabling both high sensitivity and specificity in a user-
friendly SERS- based platform, this study lays the foundation
for real-world applications in managing toxin-related diseases.

3.1. SERS Substrate Characterization. Monodisperse Au
NPs were made using the sodium citrate reduction method.
Then, a large-area monolayer film of Au NPs was created
through a liquid—liquid self-assembly process based on the
Marangoni effect (Figure 2b).>7*07* A SEM image of the
fabricated Au NPs layer is presented in Figure 2a. The Au NPs
films were uniformly self-assembled, with no significant
clustering or large gaps. This uniformity is crucial for
enhancing local electromagnetic fields, which significantly
amplify the Raman signal and improve the detection process.
Based on the SEM analysis, the size distribution of the Au NPs
is monodispersed, with a mean size of 43.3 + 8.7 nm.

Gold nanoparticles with an average diameter of 43.3 + 8.7
nm were selected as they offer a favorable balance between

63241

strong plasmonic resonance and effective electromagnetic field
confinement. In this size range, the extinction cross-section is
maximized near the excitation wavelength (785 nm),
enhancing the localized surface plasmon resonance and thus
the SERS signal. Although larger gold nanoparticles (e.g., 60
nm in diameter) have been shown in simulation studies to
generate stronger local electric fields due to multipolar
plasmon modes, they also exhibit broader extinction peaks
and red-shifted resonance positions that may reduce coupling
efficiency with the excitation laser (785 nm in our case). In
contrast, the chosen size offers a well-defined localized surface
plasmon resonance, balanced field enhancement, and better
compatibility with the excitation wavelength, ensuring both
high SERS performance and reproducibility. " ~*°

The responsiveness of AuNP monolayers via LSPR
reflectance spectroscopy serves as a predictive tool for SERS
performance. LSPR reflectance spectroscopy measures the
resonance wavelength where collective oscillation of con-
duction electrons occurs due to incident light. SERS intensity
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Table 1. Assignment of the Main Peaks Observed in the SERS Spectra of the Toxins in Serum”

‘Wavenumber Stx2
(em™) Assignment Stxl Stx2  cleaved
639 Tyr ring deformation™ +
649 Tyr, v(C—S)" +
722 Tyr*® 1le* met C—$ stretching;29 v(C S)T* + + +
824 Tyr"' Fermi resonance between ring breathing and out of plane ring bend overtone** + + +
900 CS bond or aromatic ring52 Trp47 + + +
927 Ring breath vibration of C—O>* Proline: ring #(CC)*' Ile 1(CO0-)* v(CC)>* + + +
1000 Symmetric ring breathing mode of phenylalanine*® Symmetric CC ring stretching*® + + +
1030 C—H stretching mode of phenylalanine54 + + +
1080 Strong C9 H’s stretch™ causing a s’trong7 inner ring distortion on C9, C10, C11, wagging of H39, asymmetric stretch of  + + +
benzene ring at C11, wagging of H40™* n(Ca—N)** Trp*®
1120 v(CN)¥ + + N
Stretching (CN) protein®
1160 Tyr49 In-plane CH bending, ring CH bending* + + +
1190 Phe®’ Combination of in-plane CH bending“ Tyr47 + + +
1220 Phenyl-C stretching*’ + + +
1303 CH2 wag or Ring stretching47 Amide III o helix” + + +
1373 5 (CO0), v, (COO-)> + + +
1440 stretching Cc-H*¢ + + +
1510 Vibrational mode of the amide® + +
1570 Trp* + + +

“The table lists the characteristic vibrational modes and their corresponding wavenumbers, providing a detailed interpretation of the spectral

features.

depends strongly on the local electric field enhancement,
which is maximized when the excitation wavelength is close to
the LSPR peak of the AuNP monolayer. Maximum SERS
enhancement is typically achieved when: (i) the LSPR peak is
resonant with the excitation laser; (ii) there is strong
interparticle coupling, forming numerous hot spots; (iii)
there is spectral overlap between LSPR and both excitation
and Raman-scattered light. The reflectance spectra of our
sensor obtained by LSPR reflectance spectroscopy, is reported
in SI as Figure S2. The maximum LSPR peak is at 640 nm.
From the experimental results we have a very good overlapping
with the excitation wavelength, explaining the high SERS
performance.

3.2. Substrates’ Enhancement Factor. The SERS
performances of the fabricated platform have been reported
in the SI and introduced in our earlier work (Zhou et al,
2023).*’ The self-assembled AuNPs fabricated film was
analyzed using 4MBA as a Raman probe. The SERS spectrum
of 4MBA (Figure S4 in the SI) displays well-defined fingerprint
peaks, with a prominent band at 1079 cm™" corresponding to
in-plane ring breathing and C—S stretching vibrations, and
another at 1588 cm™' attributed to C—C stretching of the
aromatic ring.m’zs'39 To estimate the SERS Enhancement
Factor (EF), we compared the SERS spectrum of 4MBA with
its conventional Raman spectrum acquired on a silicon wafer.
The substrates exhibit an enhancement factor of 3.13 X 10, a
value that is crucial for achieving strong signal amplification
and enabling highly sensitive detection of low-concentration
analytes.

3.3. Toxins Analysis in Real Samples by Unfunction-
alized SERS Substrates: Toxins Fingerprints. The
plasmonic metasurface was evaluated for its ability to detect
and characterize the SERS fingerprint spectra of the three Stxs
types under study. Each toxin was deposited on the same
substrate at a concentration of 1.047 X 10* ng/mL, prepared
separately in PBS and human serum. We took 40 measure-
ments for each toxin droplet, yielding repeatable spectra with

well-defined peaks. Figures 3ab display the average SERS
spectra obtained in PBS and human serum, respectively, for
Stx1 (pink line), Stx2a (green line), and cleaved Stx2a (light
blue line). In Figure 3b, the human serum spectrum is also
shown in black.

The apparent similarity between the SERS spectra of serum
(Figure 3b) and of the Stx variants (Figure 3a) is because both
are protein-based systems. Human serum is rich in proteins
(e.g., albumin, globulins), and the Shiga toxins are themselves
proteins composed of the same 20 standard amino acids. As a
result, their SERS spectra share many common vibrational
bands (e.g., from amide groups, aromatic residues, C—H and
N—H stretching), which gives rise to overall similar spectral
profiles. However, despite these similarities, PCA and other
multivariate techniques reveal distinct clustering of each toxin,
indicating that subtle spectral differences—Ilikely arising from
variations in secondary/tertiary structure and amino acid
composition—are captured and can be reliably used for
discrimination.

The spectra of the toxins in serum exhibit some visible
differences compared to those in PBS. For instance, the peak at
810 cm ™" shifts for Stx2a and cleaved Stx2a to 824 cm™" (Tyr
Fermi resonance) for the toxins in serum, the peak at 1303
cm™' (Amide III vibration corresponding to a-helices) is less
pronounced for Stx2a and Stxl, the peak at 1440 cm™'
(stretching CH) is also less pronounced for Stx2a and cleaved
Stx2a, the peak at 1510 cm™ (Amide I vibration) comes out
for cleaved Stx2a and vibration at 1500 cm™ is blunted in Stx1
and Stx2a in the presence of serum. Overall, the human serum
spectrum (black line in Figure 3b) closely resembles both the
spectra of the toxins in PBS and those of the toxins in serum,
due to the protein-rich composition of serum. However,
differences in the relative intensities of specific peaks allow for
the differentiation of toxin spectra from that of serum. Notably,
the peak intensity ratios among the three toxins in serum are
more similar, with only subtle distinctions, than those of serum
alone.
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The SERS analysis of Stxl, Stx2a, and cleaved Stx2a in
serum revealed distinct spectral fingerprints that highlight the
toxins’ unique structural and chemical characteristics. Table 1
provides a full SERS band assignment. Through comparative
analysis of peak assignments and intensities, significant
differences emerged that emphasize the impact of molecular
variations and cleavage on their vibrational properties.

Interestingly, there are few differences in the vibrational
modes identified among the three toxins. First, Tyr peak in the
region 639—649 is absent in Stx1 and unique and different for
Stx2a (at 639 cm') and for cleaved Stx2a (at 649 cm™')
highlighting differences between wild-type Stx2a and its
cleaved variant. Another notable difference among the two
Stx2a and Stxl that emerges from these spectra is in the
vibrational regions corresponding to the a-helix conformation
whose main peaks (at 1300 cm™ and 1510 cm™') are
progressively more pronounced in the following order, cleaved
Stx2a > Stx2a > Stxl). The remaining peaks suggest that
certain conformational features are conserved across all three
toxins.

Given that the spectra of the three toxins are highly similar,
especially in serum, and that the characteristic peaks of each
toxin — although consistently present — shift by a few cm™
across different experimental replicates, it can be challenging to
determine whether the spectrum corresponds to a toxin in
serum, and, if so, which one of the three it is. To address this,
we employ PCA to discriminate the three toxins effectively. As
shown in Figure 4, PCA enables us to reduce the

o stx1
® Stx2
Stx2 cleaved
¥
COINGS>

PC2 score (18%)

PC1 score (68%)

Figure 4. PCA of the SERS spectra for the three toxins in serum (Stx1
as pink dots, Stx2a as green dots, cleaved Stx2a as light blue dots).

dimensionality of the spectral data, highlighting the subtle
differences between the toxins and allowing for a more
accurate and intuitive classification. By transforming the data
into principal components, we can visualize and distinguish the
toxins more reliably and easily to interpret, even for those less
familiar with the intricacies of spectroscopic analysis.

Figure 4 presents the distribution of data points in a 2D
space defined by the first two principal components (PC1 and
PC2), representing Stx1 (pink dots), Stx2a (green dots), and
cleaved Stx2a (light blue dots) based on SERS measurements.
The map separates the clusters corresponding to each toxin,
indicating successful discrimination. This separation is
supported by the high explanatory power of the principal

components, with PC1 accounting for 68% of the variance and
PC2 for 18%, surpassing the 80% threshold typically
considered adequate for reliable analyte differentiation. These
findings underscore that SERS, combined with PCA, provides
an effective approach for detecting and distinguishing Stx
variants in human serum, enabling specific analyte recognition
without reliance on antibody probes.

To validate the PCA model’s ability to discriminate among
the three toxins, we apglied k-cluster analysis in conjunction
with ANOVA testing.”” K-cluster analysis is a statistical
technique used to partition data into k distinct clusters based
on similarity, minimizing variance within each cluster while
maximizing the separation between clusters. In this study, it
was used to classify the spectral data into three distinct clusters,
each corresponding to one of the toxins. This approach
enabled us to visually and quantitatively assess whether the
PCA-transformed data could reliably differentiate between the
toxin types.

As shown in Figure 5, the k-cluster analysis effectively
grouped the spectra of each toxin type into unique clusters.

Clusters
« » 3

-1 1
2

0.002

0.000 0.001

PC2

-0.003 -0.002 -0.001
I

T T T T T
-0.004 -0.002 0.000 0.002 0.004

PC1

Figure S. Cluster analysis of PCA-transformed spectra for toxin
discrimination.

Specifically, all spectra for Stxl were consistently assigned to
one cluster, while Stx2a and cleaved Stx2a spectra were
similarly grouped into their respective clusters, as shown in
Table 2. The clustering results show a precise separation where

Table 2. Cluster Assignment of Toxin Spectra

Stx1 Stx2 Cleaved Stx2
1 0 40 1
2 0 0 39
3 40 0 0

each toxin type forms a distinct group with no overlap,
indicating a clear discrimination among the toxins based on
their spectral signatures.

To statistically confirm the effectiveness of this discrim-
ination, we also conducted an ANOVA test, which showed a
highly significant separation among the groups (F> ' = 355.6,
p < 2e7'°). This result underscores the robustness of the PCA
model in differentiating between toxins, even when spectral
similarities might otherwise obscure such distinctions.
Combining PCA with k-cluster analysis and ANOVA test
thus provides a reliable framework for toxin classification,
facilitating precise identification even under complex spectral
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Figure 6. SERS spectra show the interaction of antibodies with toxins in serum. (a) Spectrum of antibody Abl physically adsorbed on the SERS
substrate (black line), and in the presence of Stxl in serum (pink line). (b) Spectra of antibody Ab2 physically adsorbed on the SERS substrate
(black line), and in the presence of Stx2a (green line) and cleaved Stx2a (light blue line) in serum.

conditions. We attribute the clear separation observed in the
PCA plot to two key factors. First, as previously noted, the
high-quality and uniform SERS signals provided by our self-
assembled substrate enable the detection of subtle spectral
variations with excellent reproducibility. This allows for precise
representation of molecular differences in the Raman finger-
print. The gold nanoparticle monolayer was produced via LB
self-assembly, a method that ensures high structural regularity,
dense nanoparticle packing, and reproducible interparticle
distances. These characteristics promote consistent hot spot
formation across the surface, which is critical for both high
enhancement and signal uniformity.

We believe that the excellent performance observed in the
PCA plots, characterized by 100% classification accuracy and
no spectral overlap, is the result of the combined effect of high
SERS enhancement and exceptional signal uniformity. This
synergy enables not only strong Raman signal amplification but
also the preservation of subtle spectral differences between
closely related analytes. As a result, the spectral data retain the
molecular specificity necessary for clear clustering and effective
discrimination.

Moreover, although Stx1, Stx2, and cleaved Stx2 all belong
to the Shiga toxin family, they present notable structural
differences. Stxl1 and Stx2 share only ~ 50% sequence
similarity, while cleaved Stx2, despite originating from Stx2,
differs in its folding and conformational properties. These
variations translate into distinct vibrational fingerprints that
can be readily captured by SERS and resolved by unsupervised
PCA, without the need for more complex classification
algorithms.

3.4. Toxins Analysis in Real Samples by Function-
alized SERS Substrates with Physically Adsorbed
Antibodies. A second approach was explored using function-
alized SERS substrates to develop a sensor capable of detecting
and discriminating among the three Stx types under
investigation in real serum samples. On the same substrate,
droplets of AbStxl and AbStx2, each at a concentration of 10
pug/mL, were deposited. Subsequently, 0.1 ng/mL of each
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toxin was applied to its corresponding antibody, as described in
Section 2.8.3. Multiple measurements were conducted on each
droplet, both before and after the deposition of the Stxs. Figure
6a compares the average SERS spectra for AbStx1 (black line)
and Stxl on its antibody (pink line). Similarly, Figure 6b
compares the average spectra for AbStx2 (black line), Stx2a
(green line), and cleaved Stx2a (light blue line) on AbStx2.
We also applied PCA to discriminate between the three
toxin types (see Figure 7). While the antibodies used are

™ ® stx1
® Stx2
Stx2 cleaved

PC2 score (28%)

PC1 score (62%)

Figure 7. PCA of the SERS spectra for the three toxins bound to their
respective antibodies.

specific and inherently serve as discriminating factors, Stx2a
and cleaved Stx2a share the same antibody, adding complexity
to the analysis. In this scenario, PCA becomes indispensable, as
it allows us to effectively differentiate the spectra even when
the same antibody is involved, providing an additional layer of
accuracy in toxin identification.
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Figure 7 presents the PCA score plot for the SERS spectra of
Stx1, Stx2a, and cleaved Stx2a, each detected using antibodies
immobilized via physical adsorption. The first principal
component (PC1) captures 62% of the variance, while the
second (PC2) accounts for 28%. The plot reveals a clear
separation among the three toxin groups, even at very low
concentrations and in a complex matrix. Stx1 (pink) forms a
distinct cluster, well-separated along PC1 from both Stx2a
(green) and cleaved Stx2a (light blue). Furthermore, Stx2a and
cleaved Stx2a are also distinctly separated, with no overlap
between their clusters. These results demonstrate that PCA is
an effective method for discriminating between the spectral
profiles of the toxins, even under conditions where antibodies
are immobilized through physical adsorption.

The validation of the PCA model, designed to discriminate
among the three Stxs (Stx1, Stx2a, and cleaved Stx2a), yielded
highly promising results based on k-means clustering and
ANOVA analysis. The k-means clustering analysis (Figure 8)
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Figure 8. K-cluster analysis applied to the PCA of the SERS spectra
for the three toxins bound to their respective antibodies.

demonstrated strong discrimination between the toxin types,
with minimal misclassification (Table 3). Specifically, Stx1 and

Table 3. Cluster Assignment of Toxin Spectra on Antibodies

Stx1 Stx2 Cleaved Stx2
0 38 0
0 0 38
3 32 2 2

Stx2a were accurately distinguished from cleaved Stx2a,
showing high clustering accuracy and a clear separation
between the groups. Only minor overlap occurred, indicating
that the PCA model effectively captures distinct spectral
features relevant to each toxin.

The ANOVA results for both PC1 and PC2 further validate
the effectiveness of the PCA model. For PC1, the analysis
revealed a highly significant effect of the group variable (F* '%
= 461.6, p < 2¢7'°), indicating that PC1 captures substantial
variance between the toxin types. Similarly, PC2’s group effect
was also significant (F* ' = 335.6, p < 2¢7'%), suggesting that
PC2 adds further discriminatory power.

We determined the LOD to evaluate the developed sensing
system’s performance in detecting Stx2a. As reported in Figure
9, we measured SERS spectra of the toxin in serum at varying
toxin concentrations using sensors functionalized with 10 ug/

mL of the Stx2 antibody. For each concentration, 40 individual
measurements were taken, and the Raman intensity was
averaged to ensure a robust and reliable value. Additionally, to
validate the repeatability of the experiment, three independent
experimental replicates were performed on different days using
sensors from different batches, showing consistent results
across trials.

The sensor’s performance in detecting Stx2a was evaluated
by analyzing the Raman intensity at 1110 cm™'. As shown in
Figure 9a, the SERS signal intensity increases with higher toxin
concentrations, demonstrating a clear dose-dependent re-
sponse. This trend confirms the sensitivity of the antibody-
functionalized sensor in detecting varying concentrations of the
toxin. The relationship observed between the SERS intensity
and the toxin concentration further validates the quantitative
capabilities of the developed system.

In Figure 9b, the y-axis shows the net SERS intensity of the
toxin’s peak at 1110 cm™', obtained by subtracting the
intensity of this peak for the antibody alone from that
measured for the toxin bound to the antibody. The
experimental data points exhibit a good linear relationship
between the intensity and the logarithmic values of the toxin
concentration. The best-fit equation, igy,,-Iap;=a Log[Isuma]+b,
was obtained with a = 80, b = 402, and an r* value of 0.99
(violet line in Figure 9b). The LOD was calculated by
intersecting the equation with the 3o threshold, where ¢
represents the standard deviation of the blank control, which
was calculated to be 27.°” Using this approach, the LOD for
Stx2a was determined to be 0.007 ng/mL. To enhance the
robustness of our findings, the experimental reproducibility
was further assessed by calculating the Relative Standard
Deviation (RSD%) for each concentration. This metric was
used to quantify the variability of the measurements and assess
the precision of the sensor system. The obtained RSD% values
were 9.9% for 0.1 ng/mL, 8.0% for 1 ng/mL, 10.3% for 10 ng/
mL, and 10.5% for 100 ng/mL, confirming a good level of
repeatability even at low concentrations. The low RSD% values
across replicates and concentrations confirm both intra- and
intersample reproducibility, supporting the robustness of the
developed sensor. To the best of our knowledge, our estimated
LOD value for the system proposed here is much lower than
those reported in the literature.”” In Table 4, we summarize
the key features and LODs of representative diagnostic
methods for Shiga toxin detection. Our method outperforms
both conventional techniques (such as PCR, Lateral Flow
Immunoassay, and ELISA) and emerging approaches (includ-
ing LSPR and other SERS-based devices), highlighting its
superior sensitivity. Additionally, our platform offers several
other advantages, including label-free detection, the ability to
distinguish between structurally similar toxin subtypes (Stx1,
Stx2, and cleaved Stx2), and excellent signal reproducibility.

Our study effectively demonstrates the detection of toxins in
controlled laboratory settings. Potential clinical deployment
challenges such as differences in serum composition among
patients or interference from other biomolecules seem unlikely
since the main Stx2-binding molecule found in human sera
(serum amyloid P component) is present at a relatively stable
concentration in blood and does not bind Stx1.°” Clinical
validation strategies aiming at comparing sera from many
different donors after Stx addition might be easily performed to
reveal the effect of minor Stx-binding molecules, if present.
The final challenge would be the application of our method to
the detection of the low amounts of Stx bound to extracellular
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Figure 9. SERS measurements of the Stx LOD performed with the immunosensor. (a) Comparison between the spectra of the Ab + Stx2a complex
at increasing concentrations of Stx2a in serum in the range 0.0015—1.5 nM. (b) The calibration curve was achieved by plotting the 1110 cm™" peak
intensity (black dots) vs the toxin concentrations and linear fit associated with data (violet line).

Table 4. Current Technologies for Detecting Shiga Toxins from E. coli

Technique Feature Analyte LOD ref.
LSPR platform Synthetic glycosyl ceramides attached to gold nanoparticles Stx 10 ng/mL S8
LSPR platform Gold nanoparticles bound to antibodies Stx2 10 ng/mL 59
SPC-ECL Nanospheres of Au NPs encapsulated into a solid silica core with graphite phase carbon nitride  Stx 9 tM 60

quantum dots embedded
SPRi Biochip with 50 nm gold film Stx1, 50 ng/mL 31
Stx2
SERS substrate Recycled silicon chips Stx2 0.3158 uM 12
SERS device Noble metal nanoparticles and Raman reporter loaded metal—organic framework Stx2 0.82 ng/mL 22
LC-MS Nanospray liquid chromatography—mass spectrometry and Vero cell bioassay Stx Stx2c 61
(5.7 ng/mL)
Reverse Latex VTEC-Screen Seiken Stx1, 25 ng/mL 62
Agglutination Stx2
Nanoparticle Platform  Gold nanoparticles conjugated with Gb3 and silver enhancement Stx1 1 ug/mL 63
Nanoparticle Platform  Magnetic nanoparticles conjugated with Gb3 and MALDI-TOF Stx1 330 pg/mL 64
(mPCR) assay Vero cells in a three-dimensional (3D) platform Stx1, 32 ng/mL 65
Stx2
Lateral Flow Based on AuNP and CdTe QD Stx2 25 ng/mL 66
Immunoassay
SERS device 2D hybrid metallic polymeric nanostructure based on the octupolar framework Stx2 1.4 nM 29
AlphaLISA Bead-based immunoassay Stx 0.5 ng/mL 61

vesicles derived from blood cells during the crucial step of
HUS pathogenesis. This seems feasible given the low limit of
detection calculated in the present paper. Indeed, compared to
other reported approaches for Shiga toxin detection (Table 4),
our method demonstrates a significantly improved LOD
(0.007 ng/mL), which is among the lowest reported to date
for SERS-based sensors. Additionally, unlike conventional
immunoassays or most SERS systems, our platform enables
discrimination between different toxin subtypes (Stxl, Stx2,
and cleaved Stx2) directly in human serum. This highlights
both the sensitivity and the diagnostic relevance of the system,
especially in complex biological environments. Finally, a
diagnostic system based on the proposed would be suitable
to produce miniaturized chips and portable readers equipped
with interpretation systems based on automated analyses to be
used at the point of care. Such a diagnostic would dramatically
improve the diagnosis of STEC infections allowing a better
patient’s management.

To assess the specificity of the developed SERS-based assay
for Stx detection, a series of control experiments were
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performed using both a nontarget protein and complex
biological matrices. First, the Stx2a antibody was incubated
with the lectin Erythrohemagglutinin PHA-E (Phaseolus
vulgaris), used as a negative control at two concentrations
(1.047 x 104 ng/mL and 0.1 ng/mL). As shown in Figure 10a,
no increase in signal intensity was observed at either
concentration, and the spectra were fully consistent with
those of the antibody alone, indicating the absence of cross-
reactivity with unrelated glycoproteins. To further evaluate
potential matrix effects and nonspecific interactions, additional
tests were carried out using human serum. Each antibody was
exposed to serum alone and the noncognate toxin (Stxl on
Ab2 and Stx2 on Abl), both at 154 nM in serum. As shown in
Figure 10b—d, the spectra recorded for serum alone and for
the noncognate toxin—antibody combinations displayed a
minor additional peak (700 cm™) not present in the antibody-
only spectra. However, no signal enhancement was detected, in
contrast to the clear intensity increase observed for the cognate
toxin—antibody interactions (Figure 6). This suggests that the
additional peak likely arises from weak, nonspecific adsorption
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Figure 10. Specificity test. SERS spectra demonstrate the specificity of the antibodies for Stxs. a) Spectra of the antibody alone and in the presence
of lectin at two concentrations (1.047 X 10* ng/mL and 0.1 ng/mL). b) Spectra of the antibody alone and in the presence of serum. c-d) Spectra of
antibodies alone and in the presence of noncognate toxins in serum (Stx2 on Abl in panel ¢ and Stx1 on Ab2 in panel d, both at a concentration of
154 nM).

Table 5. Clinical Features of the HUS Patients Enrolled in the Study

Detection of stx Serum  Detection of Stx
Age Bloody Neurological Red cells E. coli  genes in feces (RT-  sampling in serum
Patients (y) Gender Diarrhea diarrhea HUS complications Dialysis transfusions serotype® PCR)” time* (Biosensor)
1 2.3 F + + + - + + 026 stxl + stx2 early Stx1 + Stx2
2 2.3 M + + + - + + 0157 stx2 early Stx2
3 3 F + + + + + + 0103 stx2 late undetectable
4 0.9 M + + + - - + 026 sta2 late undetectable

“E. coli serotypes were determined by stool cultures and serotype analysis. “Multiplex Real-Time PCR (R-Biopharm) for the main virulence genes
(eae, stx1, stx2) was performed. “Sera were collected 2 days (early sampling) or 5—7 days (late sampling) after the detection of Stx in feces (RT-
PCR).

of serum components or minor matrix effects, rather than from confirmed by RT-PCR for the presence of stxI and/or stx2
a specific binding event. The blocking step with 1% w/w BSA genes in feces. The clinical features of the HUS patients and
effectively minimized these interactions, as confirmed by the the laboratory tests used for the diagnosis of STEC infection

lack of signal amplification in the negative controls. Overall, are shown in Table S.
these results demonstrate the high specificity of the sensing The first problem to tackle was the individual variability of
platform, confirming that neither unrelated proteins nor serum patients’ sera since the PCA-based discrimination described
components significantly interfere with the antibody—toxin above is effective only when spectra are acquired from the
recognition process. same serum background. For this reason, each clinical sample
3.5. Proof of Concept in Human Serum: Detection of was tested in parallel with spiked positive controls carried out
Stx in HUS Patients. In the present paper, we aimed to by adding toxins to patients’ sera. The assay was performed
provide a preliminary proof-of-concept validation of the under blinded conditions as the toxin profile of the clinical
platform using a limited number of clinical samples. To this samples was unknown during spectral acquisition and analysis.
end, we analyzed sera from four patients with HUS previously Two serum samples were collected 2 days after the diagnosis of
63247 https://doi.org/10.1021/acsami.5c18171
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Figure 12. PCA with Abl (anti-Stx1). a) Patient sample 1 vs the same sample spiked with Stx1 (S ng/mL): complete overlap, suggesting the
presence of Stxl in the real sample. b) Patient sample 2 vs the same sample spiked with Stx1 (S ng/mL): only partial overlap, indicating the absence

of Stx1 in the real sample.

STEC infection (Table S) and derived from patients infected
by strains producing both Stx1 and Stx2 (patient 1) or only
Stx2 (patient 2). PCA analysis of spectra obtained using the
anti-Stx2 antibody revealed a complete overlap between the
patient samples and their corresponding spiked controls,
indicating the presence of Stx2 in the unmodified serum of
both patients, despite the expected low levels. This finding
aligns with clinical data indicating that both patients had
developed HUS, a condition strongly associated with Stx2
exposure (Figure 11).

In contrast, when using the anti-Stx1 antibody (Figure 12),
sample from patient 1, known to contain Stxl, produced
spectra that fully overlapped with its corresponding positive
control, confirming the presence of Stxl. In the second sample
(patient 2), partial overlap was observed between the unspiked
serum and its Stx1-spiked counterpart, likely due to the shared
serum matrix, the presence of Stx2, and the relatively low
concentration of toxin used for spiking. This result is
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consistent with the expectation that Stxl is absent in that
sample.

Conversely, two serum samples (patients 3 and 4) were
obtained 5—7 days after the detection of stx2 genes in feces
during the late phase of STEC infection when the amount of
toxins in blood is negligible.68 As expected, in those cases, the
PCA revealed separation from the Stx2-spiked control,
suggesting the absence of the toxin. This observation further
supports the consistency of the SERS-based assay. Although
the spectral data from the positive clinical samples (patients 1
and 2) were not projected onto the PCA space reported in
section—due to differences in serum origin and composi-
tion—the observed clustering behavior is encouraging. It
suggests that our platform can detect both Stx1 and Stx2 in real
patient-derived matrices. These findings support the potential
of our method as a basis for more advanced machine learning
models capable of generalizing across interpatient variability in
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serum background, thus enabling robust and clinically
meaningful detection of Shiga toxins.

4. CONCLUSIONS

This study demonstrates a fast, cost-efficient bottom-up
method to fabricate high-quality SERS substrates via self-
assembly of citrate-stabilized gold nanoparticles at liquid—
liquid interfaces. These substrates exhibit exceptional sensi-
tivity, enabling detection of Shiga toxins at picomolar levels
directly in human serum, while clearly distinguishing structural
variants (Stx1, Stx2, cleaved Stx2). With a limit of detection of
0.007 ng/mL—among the lowest reported for SERS sensors—
our platform combines high sensitivity with diagnostic
relevance. By integrating SERS spectroscopy with multivariate
statistical methods such as PCA and k-cluster analysis, we
established a robust framework for toxin classification,
addressing the challenges posed by similar spectroscopic
signatures in complex environments. This approach enhances
diagnostic sensitivity and specificity, offering a scalable and
versatile platform for clinical and environmental applications.
To highlight the relevance of rapid and sensitive detection of
Stx in patients, it should be noted that, in children infected by
STEC, the risk of developing HUS depends on the Stx type
and not on the STEC serogroup; consequently, it is difficult to
quantify the risk with indeterminate Stx results.' Future
improvements in substrate design and the standardization of
functionalization protocols could further enhance reproduci-
bility and scalability. Overall, this work lays the foundation for
the rapid and reliable detection of critical biomarkers,
advancing the diagnosis and management of infections caused
by toxigenic Escherichia coli.

To further validate the real-world applicability of our
platform, we analyzed serum samples from patients diagnosed
with HUS in the late stage of the disease. Despite the
anticipated low concentration of circulating toxins at this stage,
our SERS-based system, combined with subtype-specific
antibodies and multivariate analysis, was able to detect and
differentiate Stx1 and Stx2 directly in clinical matrices.
Notably, the discrimination between native and spiked samples
was successful even at low toxin concentrations, underscoring
the platform’s high sensitivity and robustness. These promising
results represent a critical step toward clinical translation and
highlight the potential of our sensor to operate effectively in
highly variable, patient-derived samples. Future work will focus
on training supervised machine learning models on larger,
multidonor data sets to extend the exploratory analyses and
account for interpatient variability. While PCA proved highly
effective for toxin discrimination in complex matrices, it does
not allow consistent classification across different serum
samples. Therefore, more advanced supervised algorithms
will be required to achieve reliable generalization and
quantitative evaluation. Incorporating proper cross-validation
and external test sets will ensure model robustness and enable
reliable toxin classification in new serum samples. Ultimately,
integration with portable, Al-assisted readers could enable on-
site diagnosis during the early stages of infection, supporting
timely therapeutic decisions and reducing the risk of HUS
progression.

B ASSOCIATED CONTENT

Data Availability Statement

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

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.5c18171.

Substrates” enhancement factor, plasmonic character-
ization by LSPR reflectance spectroscopy, cost analysis
and comparison of the SERS substrate (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Valentina Marchesano — Institute of Applied Sciences and
Intelligent Systems “E. Caianiello” CNR, Pozzuoli 80078,
Italy; Email: valentina.marchesano@cnr.it

Maurizio Brigotti — Dipartimento di Scienze Mediche e
Chirurgiche, Sede di Patologia Generale, Universita di
Bologna, Bologna 40126, Italy; Email: maurizio.brigotti@
unibo.it

Lucia Petti — Institute of Applied Sciences and Intelligent
Systems “E. Caianiello” CNR, Pozzuoli 80078, Italy;
Email: Lpetti@isasi.cnr.it

Authors

Alessia Milano — Institute of Applied Sciences and Intelligent

Systems “E. Caianiello” CNR, Pozzuoli 80078, Italy;
orcid.org/0009-0005-6437-0283

Amalia D’Avino — Institute of Applied Sciences and Intelligent
Systems “E. Caianiello” CNR, Pozzuoli 80078, Italy;
Department of Engineering, University of Naples
“Parthenope”, Napoli 80143, Italy

Domenico Sagnelli — Institute of Applied Sciences and
Intelligent Systems “E. Caianiello” CNR, Pozzuoli 80078,
Italy; © orcid.org/0000-0003-4958-7570

Massimo Rippa — Institute of Applied Sciences and Intelligent
Systems “E. Caianiello” CNR, Pozzuoli 80078, Italy

Bryan Guilcapi — Institute of Applied Sciences and Intelligent
Systems “E. Caianiello” CNR, Pozzuoli 80078, Italy

Lu Zhou — Shandong First Medical University & Shandong
Academy of Medical Sciences, Jinan 271016, China

Elisa Varrone — Dipartimento di Scienze Mediche e
Chirurgiche, Sede di Patologia Generale, Universita di
Bologna, Bologna 40126, Italy

Giorgia Rossi — Dipartimento di Scienze Mediche e
Chirurgiche, Sede di Patologia Generale, Universita di
Bologna, Bologna 40126, Italy

Gianluigi Ardissino — Fondazione IRCCS Ca’ Granda
Ospedale Maggiore Policlinico, Milano 20122, Italy

Stefano Morabito — Department of Food Safety, Nutrition
and Veterinary Public Health, Istituto Superiore di Sanita,
Rome 00161, Italy

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.5c18171

Author Contributions

*A.M. and A.D. contributed equally to the work.

Author Contributions

AM. performed the experiments and chemometric analysis
and wrote the manuscript; A.D. fabricated the SERS substrates
and wrote the manuscript; V.M. functionalized the sensors,

https://doi.org/10.1021/acsami.5c18171
ACS Appl. Mater. Interfaces 2025, 17, 63237—63252


https://pubs.acs.org/doi/10.1021/acsami.5c18171?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18171/suppl_file/am5c18171_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valentina+Marchesano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:valentina.marchesano@cnr.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maurizio+Brigotti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:maurizio.brigotti@unibo.it
mailto:maurizio.brigotti@unibo.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lucia+Petti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:l.petti@isasi.cnr.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessia+Milano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0005-6437-0283
https://orcid.org/0009-0005-6437-0283
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amalia+D%E2%80%99Avino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Domenico+Sagnelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4958-7570
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Massimo+Rippa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bryan+Guilcapi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lu+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisa+Varrone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giorgia+Rossi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gianluigi+Ardissino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Morabito"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c18171?ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c18171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

contributed to data interpretation, and revised the manuscript;
MR. contributed to data interpretation and revised the
manuscript; B.G. contributed to data interpretation and data
analysis; D.S. contributed to data interpretation; L.Z.
contributed to substrate fabrication; M.B. and S.M. isolated
and purified the toxins and revised the manuscript; E.V. and
G.R. isolated and purified the toxins; G.A. gave us the clinical
samples of HUS patients; L.P. proposed and supervised the
project and revised and determined the manuscript. All the
authors contributed to the interpretation of the results and
approved the submitted version. All authors have read and
agreed to the published version of the manuscript.

Funding

The authors gratefully acknowledge the support for this work
from European Union—NextGenerationEU Call PRIN2022
Development of a plasmonic nanobiosensor for the rapid
diagnosis of Shiga toxin producing E. coli human infections at
the point of care—SENSOSTEC (CUP B53D23019990006).

Notes

Informed consent was obtained from all individuals included in
this study.

The conducted research is not related to either human or
animals use.

The authors declare no competing financial interest.

B ABBREVIATIONS

Stx, Shiga toxin; STEC, Shiga-toxin producing E. coli; HUS,
Hemolytic uremic syndrome; SERS, Surface-enhanced Raman
spectroscopy; PCA, Principal component analysis; 4MBA, 4-
Mercaptobenzoic acid; LOD, Limit of detection; PBS,
Phosphate-buffered saline; BSA, bovine serum albumin; EF,
Enhancement factor; LSPR, Localized surface plasmon
resonance; SI, Supporting information; LB, Langmuir—
Blodgett; RDS%, Relative standard deviation

B REFERENCES

(1) Freedman, S. B.; van de Kar, N. C. A. J; Tarr, P. L. Shiga Toxin-
Producing Escherichia Coli and the Hemolytic-Uremic Syndrome.
New England Journal of Medicine 2023, 389 (15), 1402—1414.

(2) Shiga Toxin-Producing Escherichia Coli (STEC) and Food:
Attribution, Characterization, and Monitoring: Report; Food and
Agriculture  Organization of the United Nations ; World Health
Organization, 2018.

(3) Costa-Ribeiro, A.; Lamas, A.; Mora, A.; Prado, M.; Garrido-
Maestu, A. Comparative Performance of Two Different Detection
Chemistries of QPCR for Their Implementation in a Same-Day
Detection Method to Determine the Presence of Shiga Toxin-
Producing Escherichia Coli in Ready-to-Eat Salads. LWT 2024, 193,
No. 115759.

(4) Wasiewska, L. A.; Juska, V. B,; Seymour, L; Burgess, C. M,;
Duffy, G.; O’Riordan, A. Electrochemical Nucleic Acid-Based Sensors
for Detection of Escherichia Coli and Shiga Toxin-Producing E.
Coli—Review of the Recent Developments. Compr. Rev. Food Sci.
Food Saf. 2023, 22, 1839—1863.

(5) Joseph, A.; Cointe, A.; Kurkdjian, P. M.; Rafat, C.; Hertig, A.
Shiga Toxin-Associated Hemolytic Uremic Syndrome: A Narrative
Review. Toxins 2020, 12, 67.

(6) Brigotti, M.; Orth-Héller, D.; Carnicelli D.; Porcellini, E.;
Galassi, E.; Tazzari, P. L.; Ricci, F.; Manoli, F.; Manet, L; Talasz, H,;
Lindner, H. H,; Speth, C.; Erbeznik, T.; Fuchs, S.; Posch, W.;
Chatterjee, S.; Wiirzner, R. The Structure of the Shiga Toxin 2a A-
Subunit Dictates the Interactions of the Toxin with Blood
Components. Cell. Microbiol. 2019, 21 (5), No. e13000.

(7) Gill, A;; Dussault, F.; Mcmahon, T.; Petronella, N.; Wang, X;
Cebelinski, E.; Scheutz, F.; Weedmark, K.; Blais, B.; Carrillo, C.

Characterization of Atypical Shiga Toxin Gene Sequences and
Description of Stx2j, a New Subtype. J. Clin. Microbiol. 2022, 60,
No. e02229-21.

(8) WHO E. coli https://www.who.int/news-room/fact-sheets/
detail/e-coli 2018

(9) Varrone, E.; Carnicelli, D.; He, X,; Grasse, M.; Stampfer, K;
Huber, S.; Kellnerov4, S.; Tazzari, P. L.; Ricci, F.; Paterini, P
Ardissino, G.; Morabito, S.; Orth-Héller, D.; Wiirzner, R.; Brigotti, M.
Detection of Cleaved Stx2a in the Blood of STEC-Infected Patients.
Toxins 2023, 15 (12), 690.

(10) Alahi, M. E. E.; Mukhopadhyay, S. C. Detection Methodologies
for Pathogen and Toxins: A Review. Sensors 2017, 17, 188S.

(11) Hamm, L.; Gee, A, Indrasekara, A. S. D. S. Recent
Advancement in the Surface-Enhanced Raman Spectroscopy-Based
Biosensors for Infectious Disease Diagnosis. Appl. Sci. 2019, 9, 1448.

(12) Yang, Y.; Wasiewska, L. A.; Burgess, C. M.; Duffy, G.; Lovera,
P.; O'Riordan, A. Detection of Stx2 from Shiga Toxin-Producing
Escherichia Coli (STEC) by a Surface Enhanced Raman Spectroscopy
(SERS) Sensor Using Recycled Silicon Chips. Sens. Actuators, B 2022,
373, No. 132618.

(13) Saravanan, A.; Kumar, P. S.; Hemavathy, R. V.; Jeevanantham,
S.; Kamalesh, R.; Sneha, S.; Yaashikaa, P. R. Methods of Detection of
Food-Borne Pathogens: A Review. Environ. Chem. Lett. 2021, 19,
189—-207.

(14) Zhu, A; Ali, S.; Xu, Y.; Ouyang, Q.; Wang, Z.; Chen, Q. SERS-
Based Au@Ag NPs Solid-Phase Substrate Combined with Chemo-
metrics for Rapid Discrimination of Multiple Foodborne Pathogens.
Spectrochim. Acta, Part A 2022, 270, No. 120814.

(15) Rajkovic, A.; Jovanovic, J.; Monteiro, S.; Decleer, M,;
Andjelkovic, M.; Foubert, A.; Beloglazova, N.; Tsilla, V.; Sas, B;
Madder, A; De Saeger, S.; Uyttendaele, M. Detection of Toxins
Involved in Foodborne Diseases Caused by Gram-Positive Bacteria.
Compr Rev. Food Sci. Food Saf 2020, 19 (4), 1605—1657.

(16) Rippa, M.; Castagna, R;; Tkachenko, V.; Zhou, J.; Petti, L.
Engineered Nanopatterned Substrates for High-Sensitive Localized
Surface Plasmon Resonance: An Assay on Biomacromolecules. J.
Mater. Chem. B 2017, 5 (27), 5473—5478.

(17) Rippa, M,; Castagna, R.; Pannico, M.; Musto, P.; Tkachenko,
V.; Zhou, J.; Petti, L. Engineered Plasmonic Thue-Morse Nanostruc-
tures for LSPR Detection of the Pesticide Thiram. Nanophotonics
2017, 6 (S), 1083—1092.

(18) Zhou, L.; Pusey-Nazzaro, L.; Ren, G.; Chen, L.; Liu, L.; Zhang,
W.,; Yang, L; Zhou, ].; Han, J. Photoactive Control of Surface-
Enhanced Raman Scattering with Reduced Graphene Oxide in Gas
Atmosphere. ACS Nano 2022, 16 (1), 577—587.

(19) Zhou, L; Zhou, J.; Lai, W.; Yang, X.; Meng, J.; Su, L.; Gu, C;
Jiang, T.; Pun, E. Y. B.; Shao, L,; Petti, L.; Sun, X. W,; Jia, Z,; Li, Q;
Han, J.; Mormile, P. Irreversible Accumulated SERS Behavior of the
Molecule-Linked Silver and Silver-Doped Titanium Dioxide Hybrid
System. Nat. Commun. 2020, 11 (1), 1—10.

(20) Lai, W.; Zhou, J.; Jia, Z.; Petti L.; Mormile, P. Ag@Au
Hexagonal Nanorings: Synthesis, Mechanistic Analysis and Structure-
Dependent Optical Characteristics. J. Mater. Chem. C Mater. 2015, 3
(37), 9726—9733.

(21) Liu, Y.; Zhou, J; Yuan, X; Jiang, T.; Petti, L; Zhou, L;
Mormile, P. Hydrothermal Synthesis of Gold Polyhedral Nanocrystals
by Varying Surfactant Concentration and Their LSPR and SERS
Properties. RSC Adv. 2015, S (84), 68668—68675.

(22) Ren, K.; Duan, M,; Su, T.; Ying, D.; Wu, S.; Wang, Z.; Duan, N.
A Colorimetric and SERS Dual-Mode Aptasensor for the Detection of
Shiga Toxin Type II Based on Mn/Fe-MIL(S3)@AuNSs. Talanta
2024, 270, No. 125636.

(23) Tiryaki, E; Zorlu, T.; Alvarez-Puebla, R. A. Magnetic—
Plasmonic Nanocomposites as Versatile Substrates for Surface—
Enhanced Raman Scattering (SERS) Spectroscopy. Chem.—Eur. J.
2024, 30, No. €202303987.

(24) Scaramuzza, S.; Polizzi, S.; Amendola, V. Magnetic Tuning of
SERS Hot Spots in Polymer-Coated Magnetic-Plasmonic Iron-Silver
Nanoparticles. Nanoscale Adv. 2019, 1 (7), 2681—2689.

https://doi.org/10.1021/acsami.5c18171
ACS Appl. Mater. Interfaces 2025, 17, 63237—63252


https://doi.org/10.1056/NEJMra2108739
https://doi.org/10.1056/NEJMra2108739
https://doi.org/10.1016/j.lwt.2024.115759
https://doi.org/10.1016/j.lwt.2024.115759
https://doi.org/10.1016/j.lwt.2024.115759
https://doi.org/10.1016/j.lwt.2024.115759
https://doi.org/10.1111/1541-4337.13132
https://doi.org/10.1111/1541-4337.13132
https://doi.org/10.1111/1541-4337.13132
https://doi.org/10.3390/toxins12020067
https://doi.org/10.3390/toxins12020067
https://doi.org/10.1111/cmi.13000
https://doi.org/10.1111/cmi.13000
https://doi.org/10.1111/cmi.13000
https://doi.org/10.1128/jcm.02229-21
https://doi.org/10.1128/jcm.02229-21
https://www.who.int/news-room/fact-sheets/detail/e-coli
https://www.who.int/news-room/fact-sheets/detail/e-coli
https://doi.org/10.3390/toxins15120690
https://doi.org/10.3390/s17081885
https://doi.org/10.3390/s17081885
https://doi.org/10.3390/app9071448
https://doi.org/10.3390/app9071448
https://doi.org/10.3390/app9071448
https://doi.org/10.1016/j.snb.2022.132618
https://doi.org/10.1016/j.snb.2022.132618
https://doi.org/10.1016/j.snb.2022.132618
https://doi.org/10.1007/s10311-020-01072-z
https://doi.org/10.1007/s10311-020-01072-z
https://doi.org/10.1016/j.saa.2021.120814
https://doi.org/10.1016/j.saa.2021.120814
https://doi.org/10.1016/j.saa.2021.120814
https://doi.org/10.1111/1541-4337.12571
https://doi.org/10.1111/1541-4337.12571
https://doi.org/10.1039/C7TB00777A
https://doi.org/10.1039/C7TB00777A
https://doi.org/10.1515/nanoph-2016-0146
https://doi.org/10.1515/nanoph-2016-0146
https://doi.org/10.1021/acsnano.1c07695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c07695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c07695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-15484-6
https://doi.org/10.1038/s41467-020-15484-6
https://doi.org/10.1038/s41467-020-15484-6
https://doi.org/10.1039/C5TC02017D
https://doi.org/10.1039/C5TC02017D
https://doi.org/10.1039/C5TC02017D
https://doi.org/10.1039/C5RA10781D
https://doi.org/10.1039/C5RA10781D
https://doi.org/10.1039/C5RA10781D
https://doi.org/10.1016/j.talanta.2024.125636
https://doi.org/10.1016/j.talanta.2024.125636
https://doi.org/10.1002/chem.202303987
https://doi.org/10.1002/chem.202303987
https://doi.org/10.1002/chem.202303987
https://doi.org/10.1039/C9NA00143C
https://doi.org/10.1039/C9NA00143C
https://doi.org/10.1039/C9NA00143C
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c18171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(25) Pandey, P.; Kunwar, S.; Shin, K. H.; Seo, M. K.; Yoon, J.; Hong,
W. K;; Sohn, J. I. Plasmonic Core—Shell—Satellites with Abundant
Electromagnetic Hotspots for Highly Sensitive and Reproducible
SERS Detection. Int. J. Mol. Sci. 2021, 22 (22), 12191.

(26) Rippa, M.; Marchesano, V.; Vestri, A.; Sagnelli, D.; Fusco, G.;
Zyss, J.; Lin, D.; Zhou, J.; Petti, L. Fractal Plasmonic Molecule for
Multi-Sensing: SERS Platform for SARS-CoV-2 Detection. ACS Appl.
Nano Mater. 2024, 7 (7), 6958—6968.

(27) Rippa, M.; Castagna, R.; Sagnelli, D.; Vestri, A.; Borriello, G.;
Fusco, G.; Zhou, J.; Petti, L. SERS Biosensor Based on Engineered
2D-Aperiodic Nanostructure for in-Situ Detection of Viable Brucella
Bacterium in Complex Matrix. Nanomaterials 2021, 11 (4), 886.

(28) Rippa, M.; Castagna, R.; Pannico, M.; Musto, P.; Borriello, G.;
Paradiso, R,; Galiero, G.; Censi, S. B.; Zhou, J; Zyss, J.; Petti, L.
Octupolar Metastructures for a Highly Sensitive, Rapid, and
Reproducible Phage-Based Detection of Bacterial Pathogens by
Surface-Enhanced Raman Scattering. ACS Sens. 2017, 2 (7), 947—
954.

(29) Rippa, M; Sagnelli, D.; Vestri, A.; Marchesano, V.; Munari, B.;
Carnicelli, D.; Varrone, E.; Brigotti, M.; Tozzoli, R.; Montalbano, M.;
Morabito, S.; Zhou, J.; Zyss, J.; Petti, L. Plasmonic Metasurfaces for
Specific SERS Detection of Shiga Toxins. ACS Appl. Mater. Interfaces
2022, 14 (4), 4969—4979.

(30) Palermo, G.; Rippa, M.; Aceti, D. M.; Guglielmelli, A.; Valente,
L.; Sagnelli, D.; D’Avino, A.; Guilcapi, B.; Maccaferri, N.; Petti, L.;
Strangi, G. Intrinsic Superchirality in Planar Plasmonic Metasurfaces.
Nano Lett. 2024, 24 (33), 10202—10209.

(31) Tahghighi, M.; Janner, D.; Ignés-Mullol, J. Optimizing Gold
Nanoparticle Size and Shape for the Fabrication of Sers Substrates by
Means of the Langmuir—Blodgett Technique. Nanomaterials 2020, 10
(11), 2264.

(32) Tim, B.; Kotkowiak, M.; Kowalska, N.; Nowicka, A. B,
Lewandowski, W. Influence of Gold Nanoparticle Assembly in
Langmuir-Schaefer Monolayers on the Surface-Enhanced Spectrosco-
py Response of a Nanoplatform. J. Phys. Chem. C 2023, 127 (32),
15978—15987.

(33) Constantino, C. J. L.; Lemma, T.; Antunes, P. A;; Aroca, R.
Single-Molecule Detection Using Surface-Enhanced Resonance
Raman Scattering and Langmuir-Blodgett Monolayers. Anal. Chem.
2001, 73 (15), 3674—3678.

(34) Zhang, P; Hou, H; Xu, S.; Wen, Y,; Zhang, Y,; Xing, F.
Localized Surface Plasmon Resonance Sensing Based on Mono-
metallic Gold Nanoparticles: From Material Preparation to Detection
of Bioanalytes. Anal. Methods 2025, 17, 892—915.

(35) Grys, D. B,; Chikkaraddy, R,; Kamp, M.; Scherman, O. A,;
Baumberg, J. J.; de Nijs, B. Eliminating Irreproducibility in SERS
Substrates. J. Raman Spectrosc. 2021, 52 (2), 412—419.

(36) Bartschmid, T.; Farhadi, A.; Musso, M. E.; Goerlitzer, E. S. A.;
Vogel, N.; Bourret, G. R. Self-Assembled Au Nanoparticle Monolayers
on Silicon in Two- and Three-Dimensions for Surface-Enhanced
Raman Scattering Sensing. ACS Appl. Nano Mater. 2022, S (8),
11839—11851.

(37) Lin, X; Fang, G,; Liu, Y,; He, Y; Wang, L; Dong, B.
Marangoni Effect-Driven Transfer and Compression at Three-Phase
Interfaces for Highly Reproducible Nanoparticle Monolayers. J. Phys.
Chem. Lett. 2020, 11 (9), 3573—3581.

(38) Rippa, M.; Sagnelli, D.; Vestri, A.; Marchesano, V.; Munari, B.;
Carnicelli, D.; Varrone, E.; Brigotti, M.; Tozzoli, R.; Montalbano, M.;
Morabito, S.; Zhou, J.; Zyss, J.; Petti, L. Plasmonic Metasurfaces for
Specific SERS Detection of Shiga Toxins. Cite This: ACS Appl. Mater.
Interfaces 2022, 14, 4969—4979.

(39) Zhou, L.; Vestri, A,; Marchesano, V.; Rippa, M.; Sagnelli, D.;
Picazio, G.; Fusco, G.; Han, J.; Zhou, J.; Petti, L. The Label-Free
Detection and Identification of SARS-CoV-2 Using Surface-Enhanced
Raman Spectroscopy and Principal Component Analysis. Biosensors
2023, 13 (12), 1014.

(40) Grzelczak, M.; Pérez-Juste, J.; Mulvaney, P.; Liz-Marzén, L. M.
Shape Control in Gold Nanoparticle Synthesis. Chem. Soc. Rev. 2008,
37 (9), 1783—1791.

(41) Sharma, V.; Javed, B.; Estrada, G.; Byrne, H. J; Tian, F. In Situ
Tuning and Investigating the Growth Process of Size Controllable
Gold Nanoparticles and Statistical Size Prediction Analysis. Colloids
Surf, A 2024, 681, No. 132733.

(42) Ikotun, A. M; Ezugwu, A. E.; Abualigah, L.; Abuhaija, B;
Heming, J. K-Means Clustering Algorithms: A Comprehensive
Review, Variants Analysis, and Advances in the Era of Big Data. Inf
Sci. (N'Y) 2023, 622, 178—210.

(43) Cheng, L.; Zhu, G; Liu, G.; Zhu, L. FDTD Simulation of the
Optical Properties for Gold Nanoparticles. Mater. Res. Express 2020, 7
(12), No. 125009.

(44) Aldosari, F. M. M. Characterization of Labeled Gold
Nanoparticles for Surface-Enhanced Raman Scattering. Molecules
2022, 27 (3), 892.

(45) Zhao, Y. X,; Kang, H. S.; Zhao, W. Q.; Chen, Y. L; Ma, L;
Ding, S. J; Chen, X. B.; Wang, Q. Q. Dual Plasmon Resonances and
Tunable Electric Field in Structure-Adjustable Au Nanoflowers for
Improved Sers and Photocatalysis. Nanomaterials 2021, 11 (9), 2176.

(46) Xiao, X,; Gillibert, R;; Foti, A; Coulon, P. E.; Ulysse, C.;
Levato, T.; Maier, S. A,; Giannini, V.; Gucciardi, P. G.; Rizza, G.
Plasmonic Polarization Rotation in SERS Spectroscopy. Nano Lett.
2023, 23 (7), 2530—2535.

(47) Szekeres, G. P.; Kneipp, J. SERS Probing of Proteins in Gold
Nanoparticle Agglomerates. Front. Chem. 2019, 7, 30.

(48) Fazio, B.; D’Andrea, C.; Foti, A,; Messina, E.; Irrera, A;
Donato, M. G.; Villari, V.; Micali, N.; Marago, O. M.; Gucciardi, P. G.
SERS Detection of Biomolecules at Physiological PH via Aggregation
of Gold Nanorods Mediated by Optical Forces and Plasmonic
Heating. Sci. Rep. 2016, 6, 26952.

(49) Huang, J. A; Mousavi, M. Z.,; Giovannini, G.; Zhao, Y,;
Hubarevich, A,; Soler, M. A.; Rocchia, W.; Garoli, D.; De Angelis, F.
Multiplexed Discrimination of Single Amino Acid Residues in
Polypeptides in a Single SERS Hot Spot. Angewandte Chemie -
International Edition 2020, 59 (28), 11423—11431.

(50) Kudelski, A. Characterization of Thiolate-Based Mono- and
Bilayers by Vibrational Spectroscopy: A Review. Vib Spectrosc 20085,
39 (2), 200—-213.

(51) Willets, K. A. Surface-Enhanced Raman Scattering (SERS) for
Probing Internal Cellular Structure and Dynamics. Anal. Bioanal.
Chem. 2009, 394, 85—94.

(52) He, P.; Mehedi Hassan, M.; Yang, W.; Shi, Z.; Zhou, X,; Xu, Y.;
Ouyang, Q.; Chen, Q. Rapid and Stable Detection of Three Main
Mycotoxins in Rice Using SERS Optimized AgNPs@K30 Coupled
Multivariate Calibration. Food Chem. 2023, 398, No. 133883.

(53) Shahid, U.; Rashid, N.; Javed, M. R;; Majeed, M. L; Mohsin,
M.; Nawaz, H.; Seemab, R.; Zohaib, M.; Alam, M.; Alshammari, A,;
Albekairi, N. A.; Shafique, H.; Shahid, H. Surface-Enhanced Raman
Spectroscopy for the Rapid Identification of Fosfomycin Resistant and
Sensitive Strains of E. Coli. Spectrochim Acta A Mol. Biomol Spectrosc
2025, 329, No. 125517.

(54) Fang, Y; Lin, T.; Zheng, D.; Zhu, Y.; Wang, L.; Fu, Y.; Wang,
H.; Wy, X,; Zhang, P. Rapid and Label-Free Identification of Different
Cancer Types Based on Surface-Enhanced Raman Scattering Profiles
and Multivariate Statistical Analysis. J. Cell Biochem 2021, 122 (2),
277-289.

(55) Chou, 1. H; Benford, M.; Beier, H. T.; Coté, G. L.; Wang, M.;
Jing, N.; Kameoka, J; Good, T. A. Nanofluidic Biosensing for p-
Amyloid Detection Using Surface Enhanced Raman Spectroscopy.
Nano Lett. 2008, 8 (6), 1729—1735.

(56) Biswas, S.; Devi, Y. D.; Sarma, D.; Hatiboruah, D.; Chamuah,
N.; Namsa, N. D.; Nath, P. Detection and Analysis of Rotavirus in
Clinical Stool Samples Using Silver Nanoparticle Functionalized
Paper as SERS Substrate. Spectrochim. Acta, Part A 2023, 295,
No. 122610.

(57) Mocék, J.; Janiga, I; Rabarovd, E. Evaluation of IUPAC Limit
of Detection and ISO MInimum detectable vVALUE-Electrochemical
Determination oF Lead. Nova Biotechnol. 2009, 9, 91.

(58) Nagatsuka, T.; Uzawa, H.; Sato, K; Kondo, S.; Izumi, M,;
Yokoyama, K.; Ohsawa, L; Seto, Y.; Neri, P.; Mori, H.; Nishida, Y,;

https://doi.org/10.1021/acsami.5c18171
ACS Appl. Mater. Interfaces 2025, 17, 63237—63252


https://doi.org/10.3390/ijms222212191
https://doi.org/10.3390/ijms222212191
https://doi.org/10.3390/ijms222212191
https://doi.org/10.1021/acsanm.3c06006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.3c06006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/nano11040886
https://doi.org/10.3390/nano11040886
https://doi.org/10.3390/nano11040886
https://doi.org/10.1021/acssensors.7b00195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.7b00195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.7b00195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c21553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c21553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.4c02530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/nano10112264
https://doi.org/10.3390/nano10112264
https://doi.org/10.3390/nano10112264
https://doi.org/10.1021/acs.jpcc.3c01853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.3c01853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.3c01853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0101961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0101961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4AY01509F
https://doi.org/10.1039/D4AY01509F
https://doi.org/10.1039/D4AY01509F
https://doi.org/10.1002/jrs.6008
https://doi.org/10.1002/jrs.6008
https://doi.org/10.1021/acsanm.2c01904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c01904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c01904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c01116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c01116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c21553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c21553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/bios13121014
https://doi.org/10.3390/bios13121014
https://doi.org/10.3390/bios13121014
https://doi.org/10.1039/b711490g
https://doi.org/10.1016/j.colsurfa.2023.132733
https://doi.org/10.1016/j.colsurfa.2023.132733
https://doi.org/10.1016/j.colsurfa.2023.132733
https://doi.org/10.1016/j.ins.2022.11.139
https://doi.org/10.1016/j.ins.2022.11.139
https://doi.org/10.1088/2053-1591/abd139
https://doi.org/10.1088/2053-1591/abd139
https://doi.org/10.3390/molecules27030892
https://doi.org/10.3390/molecules27030892
https://doi.org/10.3390/nano11092176
https://doi.org/10.3390/nano11092176
https://doi.org/10.3390/nano11092176
https://doi.org/10.1021/acs.nanolett.2c04461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fchem.2019.00030
https://doi.org/10.3389/fchem.2019.00030
https://doi.org/10.1038/srep26952
https://doi.org/10.1038/srep26952
https://doi.org/10.1038/srep26952
https://doi.org/10.1002/anie.202000489
https://doi.org/10.1002/anie.202000489
https://doi.org/10.1016/j.vibspec.2005.03.005
https://doi.org/10.1016/j.vibspec.2005.03.005
https://doi.org/10.1007/s00216-009-2682-3
https://doi.org/10.1007/s00216-009-2682-3
https://doi.org/10.1016/j.foodchem.2022.133883
https://doi.org/10.1016/j.foodchem.2022.133883
https://doi.org/10.1016/j.foodchem.2022.133883
https://doi.org/10.1016/j.saa.2024.125517
https://doi.org/10.1016/j.saa.2024.125517
https://doi.org/10.1016/j.saa.2024.125517
https://doi.org/10.1002/jcb.29857
https://doi.org/10.1002/jcb.29857
https://doi.org/10.1002/jcb.29857
https://doi.org/10.1021/nl0808132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl0808132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.saa.2023.122610
https://doi.org/10.1016/j.saa.2023.122610
https://doi.org/10.1016/j.saa.2023.122610
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c18171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Saito, M.; Tamiya, E. Localized Surface Plasmon Resonance
Detection of Biological Toxins Using Cell Surface Oligosaccharides
on Glyco Chips. ACS Appl. Mater. Interfaces 2013, S (10), 4173—
4180.

(59) Yaghoubi, F.; Zeinoddini, M.; Shoushtari, M. Detection of
Shiga-like Toxin Produced by E. Coli O157:H7 Based on the LSPR
Property of Gold Nanoparticles. J. Appl. Biotechnol. Rep. 2023, 10 (3),
1091-1097.

(60) Zhang, Q.; Liu, Y.; Nie, Y.; Ma, Q.; Zhao, B. Surface Plasmon
Coupling Electrochemiluminescence Assay Based on the Use of
AuNP@C3N4QD@mSiO2 for the Determination of the Shiga Toxin-
Producing Escherichia Coli (STEC) Gene. Microchim. Acta 2019, 186
(9), 656.

(61) Silva, C. J.; Lee, B. G.; Yambao, J. C.; Erickson-Beltran, M. L.;
Quinones, B. Using Nanospray Liquid Chromatography and Mass
Spectrometry to Quantitate Shiga Toxin Production in Environmental
Escherichia Coli Recovered from a Major Produce Production Region
in California. J. Agric. Food Chem. 2019, 67 (5), 1554—1562.

(62) Beutin, L.; Zimmermann, S.; Gleier, K. Bacteriology Evaluation
of the VTEC-Screen “Seiken” Test for Detection of Different Types of
Shiga Toxin (Verotoxin)-Producing Escherichia Coli (STEC) in
Human Stool Samples. Diagn. Microbiol. Infect. Dis. 2002, 1—8.

(63) Chien, Y. Y; Jan, M. D.; Adak, A. K; Tzeng, H. C.; Lin, Y. P,;
Chen, Y. J; Wang, K. T.; Chen, C. T,; Chen, C. C; Lin, C. C.
Globotriose-Functionalized Gold Nanoparticles as Multivalent Probes
for Shiga-like Toxin. ChemBioChem. 2008, 9 (7), 1100—1109.

(64) Kuo, F. Y,; Chang, B. Y.; Wy, C. Y,; Mong, K. K. T; Chen, Y.
C. Magnetic Nanoparticle-Based Platform for Characterization of
Shiga-like Toxin 1 from Complex Samples. Anal. Chem. 2015, 87
(20), 10513—10520.

(65) To, C. Z.; Bhunia, A. K. Three Dimensional Vero Cell-Platform
for Rapid and Sensitive Screening of Shiga-Toxin Producing
Escherichia Coli. Front. Microbiol. 2019, 10, 949.

(66) Lu, T.; Zhu, K. Di; Huang, C.; Wen, T; Jiao, Y. J; Zhy, J,;
Zhang, Q.; Ding, S. N. Rapid Detection of Shiga Toxin Type II Using
Lateral Flow Immunochromatography Test Strips of Colorimetry and
Fluorimetry. Analyst 2020, 145 (1), 76—82.

(67) Skinner, M.; Cohen, A. S. Amyloid P Component. Methods
Enzymol. 1988, 163, 523—536.

(68) He, X.; Quinones, B.; Loo, M. Te; Loos, S.; Scavia, G.; Brigotti,
M.; Levtchenko, E.; Monnens, L. Serum Shiga Toxin 2 Values in
Patients during Acute Phase of Diarrhoea-Associated Haemolytic
Uraemic Syndrome. Acta Paediatrica, International Journal of
Paediatrics 2015, 104 (12), e564—e568.

63252

STOP DIGGING
THROUGH DATA
—START MAKING
DISCOVERIES

CAS BioFinder helps you find the
right biological insights in seconds

Start your search

https://doi.org/10.1021/acsami.5c18171
ACS Appl. Mater. Interfaces 2025, 17, 63237—63252


https://doi.org/10.1021/am4002937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am4002937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am4002937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.30491/jabr.2023.375829.1584
https://doi.org/10.30491/jabr.2023.375829.1584
https://doi.org/10.30491/jabr.2023.375829.1584
https://doi.org/10.1007/s00604-019-3758-1
https://doi.org/10.1007/s00604-019-3758-1
https://doi.org/10.1007/s00604-019-3758-1
https://doi.org/10.1007/s00604-019-3758-1
https://doi.org/10.1021/acs.jafc.8b05324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.8b05324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.8b05324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.8b05324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0732-8893(01)00325-X
https://doi.org/10.1016/S0732-8893(01)00325-X
https://doi.org/10.1016/S0732-8893(01)00325-X
https://doi.org/10.1016/S0732-8893(01)00325-X
https://doi.org/10.1002/cbic.200700590
https://doi.org/10.1002/cbic.200700590
https://doi.org/10.1021/acs.analchem.5b02712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5b02712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fmicb.2019.00949
https://doi.org/10.3389/fmicb.2019.00949
https://doi.org/10.3389/fmicb.2019.00949
https://doi.org/10.1039/C9AN01996K
https://doi.org/10.1039/C9AN01996K
https://doi.org/10.1039/C9AN01996K
https://doi.org/10.1016/0076-6879(88)63048-5
https://doi.org/10.1111/apa.13211
https://doi.org/10.1111/apa.13211
https://doi.org/10.1111/apa.13211
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c18171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

