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Abstract: Plasmonic biosensors are powerful platforms for
detecting various types of analytes. Specifically, surface-
enhanced Raman spectroscopy (SERS) can enable label-free
and selective detection. Shiga toxin-producing Escherichia
coli (STEC) represents zoonotic pathogens that cause severe
diseases, such as hemolytic uremic syndrome (HUS), the
most important cause of acute renal failure in children. To
date, there are no effective therapies for STEC infection, and
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the available diagnostic methods are complex and incon-
clusive. Here, a novel nanopattern fabricated by electron
beam lithography with remarkable plasmonic properties is
employed as SERS substrate for realizing the specific recog-
nition of Stxla, Stx2a, and of a third variation of the latter.
A limit of detection (LOD) of 6.8 pM for Stxla and 2 pM
for Stx2a was achieved. Our approach supported using the
principal component analysis (PCA) appears to be a valid
alternative to conventional methods, allowing real-time and
fast in situ analysis.
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1 Introduction

Plasmonic nanostructures have garnered significant atten-
tion in the scientific community due to their unique optical
properties and potential applications in various fields, par-
ticularly in biosensing [1]-[13]. These structures, typically
composed of noble metals like gold and silver, exhibit local-
ized, propagative, or mixed surface plasmon resonances
(LSPRs), which are sustained by copropagating by a hybrid
electron-photon wave at the interface between metal and
air or any other dielectric coverage. Due to their mixed
nature, plasmons are not constrained by diffraction lim-
its and can thus be confined to subwavelength volumes.
The resulting giant enhancement of the plasmonic electro-
magnetic fields near the surface or singularities of these
nanostructures forms the basis for their application in
sensing technologies [14]-[20]. The concept of using plas-
monic nanostructures for sensing purposes dates back sev-
eral decades, with early studies demonstrating the sensi-
tivity of LSPRs to changes in the metal dielectric inter-
face and hence to the corresponding local refractive index.
Whereas the effect was discovered in the early seventies
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by the adsorption of small aromatic molecules on rough-
ened metallic surfaces fabricated by electrochemical tech-
niques [21], advancements in nanofabrication techniques
have enabled the precise control of nanostructure size,
shape, and composition, further enhancing their sensing
capabilities. Various types of plasmonic nanostructures,
including nanoparticles, nanorods, and nanoshells, have
been developed and employed as biosensors [22]-[34]. In
the context of bhiosensing, plasmonic nanostructures are
particularly effective due to their ability to interact with
biological molecules at the nanoscale. This interaction
results in measurable changes in the optical properties of
the nanostructures, providing a means to detect, quantify,
and eventually identify the presence of specific analytes.
Their high sensitivity, specificity, and potential for minia-
turization make plasmonic nanostructures ideal candidates
for biosensor applications. Among the various plasmonic
sensing platforms, surface-enhanced Raman spectroscopy
(SERS) is a powerful analytical technique that combines
the molecular specificity of Raman spectroscopy with the
signal enhancement provided by plasmonic nanostructures
[35]-[41]. When molecules are adsorbed onto the surface
of plasmonic nanostructures, the Raman scattering cross
section is significantly enhanced, often by several orders
of magnitude. This enhancement allows for the detection
of low-abundance biomolecules that would otherwise be
undetectable using conventional Raman spectroscopy. The
mechanism behind SERS involves two primary enhance-
ment effects: electromagnetic enhancement and chemical
enhancement. Electromagnetic enhancement is attributed
to the amplification of the local electromagnetic field gener-
ated by the LSPRs of the nanostructures [42]—[44]. Chemical
enhancement, on the other hand, involves charge transfer
between the adsorbed molecules and the metal surface,
leading to an increase in Raman scattering intensity [44].
Additionally, plasmonic nanostructures can be engineered
with nanoscale features so as to extend the one-dimensional
vertical confinement from flat metallic surfaces to three
dimensional volumes, favoring in particular lateral confine-
ment, enhancing the signal and allowing for the miniatur-
ization of the diagnostic device. SERS has been successfully
applied in various bioanalytical applications, including the
detection of nucleic acids, proteins, and small molecules
[45]-[51]. The technique offers several advantages, such as
high sensitivity, multiplexing capability, and the ability to
perform label-free detection. Recent advancements in SERS
have focused on the development of novel plasmonic sub-
strates, improved reproducibility, and the integration with
microfluidic systems for point-of-care diagnostics of various
types of targets. Among the analytes of interest, Shiga toxins,
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produced by pathogenic Escherichia coli strains (E. coli) and
Shigella dysenteriae, are potent cytotoxins that play a crit-
ical role in the pathogenesis of several intestinal diseases
[52]-[60]. These toxins are classified into two main types:
Shiga toxin 1 (Stx1) and Shiga toxin 2 (Stx2), each with several
subtypes (e.g., Stxla, Stx2a, Stx2c, and Stx2d). Structurally,
Stxs consists of an enzymatically active A subunit and a
pentameric B subunit responsible for binding to host cell
receptors. The primary mechanism of action of Stxs involves
the inhibition of protein synthesis in target cells. The B
subunit binds to globotriaosylceramide (Gb3) receptors on
the surface of host cells, facilitating the entry of the A sub-
unit into the cytoplasm. Once inside the cell, the A subunit
cleaves a specific adenine residue from the 28S ribosomal
RNA, halting protein synthesis and leading to cell death.
Shiga toxins are major contributors to the development
of hemolytic uremic syndrome (HUS), a severe condition
characterized by acute renal failure, hemolytic anemia, and
thrombocytopenia [61]. HUS primarily affects young chil-
dren and the elderly and can lead to significant morbidity
and mortality. It is a life-threatening condition that often
arises as a complication of intestinal infections with Shiga
toxin-producing E. coli (STEC). The pathophysiology of HUS
involves the dissemination of Shiga toxins in blood, their
binding to circulating cells and the subsequent release by
leukocytes and platelets of toxin-containing extracellular
vesicles that target endothelial cells of the kidney leading
to platelet activation, and the formation of microthrombi.
The resulting microangiopathic hemolytic anemia, throm-
bocytopenia, and acute renal impairment are the hallmarks
of HUS. Recently, it has been found that Stx2a circulates in
the blood of STEC-infected children in two different forms,
which differ by only a single cleavage in the A subunit.
Cleaved Stx2a A chain is split into two fragments (Al and
A2) held by a disulfide bond. Native noncleaved Stx2a and
cleaved Stx2a have different binding properties for human
circulating cells thus showing different contributions to the
pathogenesis of HUS [62]. Epidemiologically, HUS is most
seen in children under the age of five, though it can occur
to individuals of any age. Moreover, STEC that produces
Stx2 are epidemiologically associated with HUS, whereas
the risk of developing the syndrome is very low in patients
infected by STEC producing Stx1 and approximately halves
when infecting bacteria produce both toxins [63]. Outbreaks
of STEC-associated HUS have been reported worldwide,
often linked to the consumption of contaminated food or
water. The long-term health impacts of HUS can be severe,
including chronic kidney disease, hypertension, and neu-
rological complications. The acute phase of HUS requires
prompt medical intervention to manage the symptoms and
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prevent further complications. This includes supportive
care such as fluid management, blood transfusions, and
dialysis. However, the effectiveness of treatment is heavily
dependent on the rapid and accurate diagnosis of the con-
dition. The diagnosis of STEC infections and HUS currently
relies on a combination of clinical presentation, labora-
tory tests, and microbiological assays. Traditional methods,
such as culture-based techniques and immunoassays, can
be time-consuming and may lack the sensitivity required
for early detection. Rapid and in situ diagnosis is crucial
for the timely administration of appropriate therapies and
for preventing the progression of the disease. Point-of-care
diagnostic tools that can provide accurate and immediate
results are, therefore, highly desirable. Sensors based on
plasmonic effects may be suitable for this purpose. How-
ever, the use of these types of sensors for the detection of
Stx is rarely found in literature. Nagatsuka et al. [64] and
Yaghoubi et al. [65] exploited the LSPR property of gold
nanoparticles to detect Stx. Zhang et al. [66] developed a
surface plasmon coupling electrochemiluminescence assay
based on gold nanoparticles for the determination of the
Stx gene. Wang et al. [67] proved that surface plasmon res-
onance imaging immunosensors can achieve a rapid and
label-free microarray detection of Stx1 and Stx2. There are
even fewer works in literature regarding the use of the SERS
technique. SERS-based sensors can offer high sensitivity and
specificity for the detection of Stxs, enabling their detection
atverylow concentrations. Yang et al. [68] developed a SERS
sensor based on Ag nanostructure to rapidly detect a target
ss-DNA (stx2). Ren et al. [69] made use of a colorimetric and
SERS dual mode aptasensor based on gold nanostars loaded
with metalorganic framework for the specific detection of
the Stx2. Finally, our group [70] as case of study of a novel
plasmonic pattern used as SERS substrate, achieved the spe-
cific detection of the Stx2a with a limit of detection (LoD)
of 1.4 nM. In the present paper, a planar plasmonic meta-
surface was employed for SERS analysis to achieve both the
fingerprint spectrum and the specific recognition of Stxla,
Stx2a, and cleaved Stx2a. The metasurface used was com-
posed of an ordered hexagonal array of nanoelements fabri-
cated by means of electron beam lithography (EBL), recently
studied and characterized showing extremely interesting
optical properties such as second-harmonic generation. In
particular, we demonstrated that the pattern considered can
exhibit an intrinsic superchiral response, comparable with
the results obtained for out-of-plane 3D structures, although
our sample is characterized by a very thin thickness (< 4/10).
Such distinctive properties are related to the special shape
of the designed inclusions that lead to a strong enhancement
of the near field in the visible and NIR spectral range, due to
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the presence of a significant density of hot-spots that char-
acterizes both the distribution of the electric and magnetic
fields [71], [72]. The acquired SERS spectra were analyzed
using the principal component analysis (PCA), which can
further improve analytical capabilities, enabling the differ-
entiation and classification of different Stxs by enhancing
the subtle differences between their unique spectral signa-
tures. Our results demonstrate how the proposed method
can potentially represent a valid alternative to the conven-
tional ones for the detection of Stxs and their classification
allowing a label free real-time analysis. Moreover, the detec-
tion system designed can be integrated with other biological
on-chip devices to realize portable point-of-care medical
diagnostics.

2 Materials and methods

2.1 Metasurface fabrication and
morphological characterization

The 450 pm X 430 pm gold meta-surface patterns follow
an ordered hexagonal array made of individual nanoele-
ments abiding to trigonal symmetry. Such nanostructures,
referred to as octupolar entities in view of their absence
of dipolar contributions to their noncentrosymmetric struc-
tures, had been conceived and developed toward second-
harmonic generation, an important nonlinear optical phe-
nomenon per se and for characterization of surfaces, while
providing a relevant testbed toward further biosensing
applications [26]-[29] fabricated by using the EBL system
Raith 150. Nanoelements consist of 3 equilaterals triangular
NCs with side d of 200 nm partially overlapped (Figure 1a).
In the process, a 150 nm layer of positive resist (styrene
methyl acrylate, ZEP 520A) was spin coated on a 15nm
conductive ITO coated glass substrate, baked at 170° for
5 min, and exposed to a 10.2 pA electron beam with an area
dose of 30 uC/cm?. The NCs were achieved in the resist
film after development in an n-amyl acetate solvent, then
rinsed for 90 s in 1:3 MIBK:IPA solution for 60 s, followed
by IPA rinse for 30 s. Finally, the gold array was obtained
by e-beam evaporation (SISTEC CL-400C) of 2 nm of chrome
and 50 nm of gold film onto the resist layer. The schema
of the obtained multilayer is shown in Figure 1b, while the
main steps of the fabrication process are represented in
Figure 1c. The minimum interparticle distance (mid) in the x
direction was 100 nm. The nanostructures fabricated were
characterized morphologically by making use of scanning
electron microscopy (SEM, Raith 150). A SEM image of one
of the nanopattern realized is shown in Figure 1d.
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Figure 1: Plasmonic metasurface fabricated. (a) Schematic representation of the nanoelement geometry. (b) Nanocavities multilayer fabricated.
(c) The main steps of the EBL fabrication process employed. (d) SEM image of the final plasmonic metasurface realized.

2.2 Toxins and antibodies

Stxla and Stx2a produced by E. coli C600 (H19] or 933W,
respectively) were purified by receptor analog affinity chro-
matography on globotriose—fractogel (IsoSep, AB) (Ryd,
M. etal, (1989) FEBS Lett. 258, 320-322) or on (Gall-4
Gal -O-spacer)-BSA Sepharose 4B (Glycorex, Lund, Swe-
den) [73], respectively. Both toxins were passed through
ActiCleanEtox columns (SterogeneBioseparations, Carlshad,
CA, USA) to remove endotoxin contaminant. Cleaved Stx2a
[62] was obtained by treating native Stx2a (120 pg) with
1 pg of trypsin in 100 uL phosphate-buffered saline (PBS)
pH 7.5 (1 h at 37 °C) followed by the addition of 20 pL of
0.7 pg/ml trypsin inhibitor phenylmethylsulfonyl fluoride
(10 min at 37 °C). Purified toxins were stored at —80 °C
in small aliquots and diluted before each assay with
PBS. Monoclonal antibodies (Toxin Technology, Sarasota,
Florida, United States) to Stx1 (Stx1-13C4) and Stx2 (Stx2-
BB12) were used for the functionalization of the proposed
nanostructures.

2.3 Metasurface functionalization and Shiga
toxin deposition

We realized the proposed biosensor using a noncova-
lent functionalization of the nanopatterned gold surface
through physisorption of the monoclonal antibodies for
Stxs (AbStx1 for Stxla and AbStx2 for STx2a and Stx2a
cleaved). In detail, 50 pl of 10 pg/mL monoclonal antibody
in phosphate-buffered saline (PBS) was deposited dropwise
onto the nanostructured chip surface, and the solution was
incubated in a humid chamber overnight at 4 °C to achieve
antibody physical absorption on the gold surface. After that,
the chip was washed 5 times with 1 mL of bi-distilled water

to remove the unfixed antibody. To reduce the aspecific
signal, we adopted a blocking strategy before toxin depo-
sition onto the biofunctionalized nanostructures. We used
1% w/w BSA to passivate the sensor surface (1h at 25 °C in
a humid chamber). Then, the chip was copiously washed
again with hi-distilled water. Right after, the biosensor per-
formances were assessed using a toxin solution with a final
concentration of 45 nM. The toxin solution was dropped on
the functionalized nanostructures and left to incubate in a
humid chamber overnight at 4 °C. After incubation of the
analyte, the biosensor was washed five times with 1 mL of
bi-distilled water and dried with N, before SERS spectrum
data collection.

2.4 SERS measurement: set-up and
parameters

SERS spectra were recorded using a Raman system (QE Pro-
Raman, Ocean Optics) coupled with an upright microscope
(Olympus BX51) in a backscattering configuration. The sys-
tem was configured for A = 785 nm with a grating of 1,200
lines/mm and an input slit of 50 m. Spectra were collected
using a 50 X (N.A. = 0.75) objective and a laser power of
12 mW. In the case of Shiga toxin sensing, for each sample,
40 SERS spectra from different points were collected in the
range of 350-1,400 cm~! with an acquisition time of 10 s. In
all cases investigated, spectra recorded were subsequently
baseline corrected and averaged using a homemade MAT-
LAB (R2019b, Math-Works) code. For the power level used
in the measurements, corresponding to a beam intensity
of approximately 1.7 X 10° W/cm?, photothermal tests were
conducted to demonstrate that no significant temperature
increase in the sample was observed. Details related to this
issue are reported in the Supplementary Material.
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2.5 PCA

Principal component analysis (PCA) is a statistical technique
used to reduce the dimensionality of datasets while pre-
serving the most important variance. In this study, PCA
was employed to discriminate between Stxla, Stx2a, and
cleaved Stx2a, as their SERS spectra are nearly identical,
making visual differentiation extremely difficult. This dis-
tinction is of great clinical importance for accurate toxin
identification. The analysis was performed using R version
2024.04.2+764, with the ChemoSpec package. After the PCA,
an analysis of variance (ANOVA) was applied to the first two
principal components (PC1 and PC2), 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 the different toxins on the spectral
features extracted by PCA.

3 Results and discussion

In this work, we address the challenge of developing a
SERS-based detection system that allows rapid and in situ
analysis of Stxs, a group of powerful cytotoxins responsible
for the pathogenesis of different human diseases. To pursue
our aim, we used an engineered planar plasmonic meta-
surface that we developed, studied, and characterized in
previous works [71], [72]. The selection of our engineered
planar plasmonic metasurface was guided by the need to
optimize SERS performances while ensuring high repro-
ducibility, tunability, and compatibility with a wide range of
applications, including biological sensing. While numerous
plasmonic structures have been explored for SERS, many
suffer from limitations such as i) irregular Hot-Spot Dis-
tribution, ii) limited Spectral Tunability, or iii) restricted
Polarization Control.

To overcome these issues, we developed and employed
a hexagonal array of asymmetric nanocavities (NCs) fabri-
cated in a gold thin film. The NCs are substantially achieved
through the fusion of three equilateral triangles, two aligned
on one side and the third one centered on the opposite
side, with an overall size of approximately 450 X 430 pm?
(Figure 1a and b). Figure 1d shows the SEM image of the
fabricated plasmonic metasurface that highlights the good
quality of both the shape of the individual NCs and their
repeatability in the lattice. The asymmetry and periodic-
ity of this pattern facilitate a high density of hot-spots
and ensure efficient near-field enhancement in the spec-
tral range of interest (750—850 nm), perfectly matching
our laser source. Furthermore, the hexagonal arrangement
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naturally enhances plasmonic coupling between neighbor-
ing NCs, improving the overall SERS performances. Below,
we highlight the key advantages of our structure:

a) Highly Reproducible and Uniform Hot-Spot Distribu-
tion: Unlike disordered nanostructures, our metasur-
face provides an ordered and periodic lattice that
ensures a consistent SERS signal across the entire
substrate.

Tailored Resonance and Spectral Matching: By adjust-
ing the mid parameter (25-150 nm), we fine-tuned the
structure to achieve maximum enhancement, some-
thing that is difficult to control in simpler nanostruc-
tures. The value of 100 nm considered here represents
the one that guarantees the best matching with the
wavelength of 785 nm of the laser source of our SERS
system and, consequently, the greater amplification of
the SERS signal [72].

¢) Dual-Mode Excitation (Circularly Polarized & Unpo-
larized Light): The ability to efficiently excite multi-
ple plasmonic modes enhances signal intensity and
expands sensing capabilities, making our structure
particularly suitable for multisensing applications.
Superchiral Response: We demonstrated that the pat-
tern considered can exhibit an intrinsic superchiral
response, and particularly a high near field enhance-
ment in the 750—850 nm spectral range, due to the pres-
ence of a significant density of hot-spots that character-
ize both the distribution of the electric and magnetic
fields [71]. This has been demonstrated by illuminating
the structure with circularly polarized light. Similarly,
using unpolarized light results in an overall excitation
effect of all the possible modes of the structure result-
ing in a very high near field enhancement efficiency,
both in terms of electric and magnetic fields (Supple-
mentary Material). We point out that the formation
of these hot spots is also favored by the hexagonal
arrangement of the fabricated NCs.

b)

d)

Considering these interesting achievements, we exploited
the potential of this pattern to design SERS substrates aimed
at the analysis of Stxs.

To test our SERS substrate, among the main Stx sub-
types, we selected Stxla and Stx2a from the main Shiga toxin
(Stx) subtypes associated with severe human disease. Stx1a,
which is primarily linked to bloody diarrhea and rarely to
hemolytic uremic syndrome (HUY), is the least associated
with HUS. In contrast, Stx2a is the subtype most frequently
implicated in HUS. Additionally, we included its recently
described modified form (cleaved Stx2a). Rapid identifica-
tion of these subtypes during STEC infections would enable
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the distinction between patients at low or high risk of
developing HUS, providing clinicians with valuable infor-
mation for patient management. In our study, we combine
the information obtained by SERS measurements with the
potential provided by the well-known PCA to analyze the
samples investigated and to obtain their specific detection.
The results achieved with two different approaches based
on the use of unfunctionalized and functionalized SERS sub-
strates, assisted by PCA, are shown and discussed below. We
emphasize that, for mass fabrication, the throughput limi-
tations of the EBL technique used here to fabricate the plas-
monic nanopattern can be overcome by employing alterna-
tive methods to produce low-cost replicas of the developed
nanopatterns, such as Nanoimprint Lithography (NIL), Soft
Lithography, and Replica Molding (RM).

3.1 Stx analysis by unfunctionalized SERS
substrates

The plasmonic metasurface was tested to define the SERS
fingerprint spectrum of the three Stx taken into considera-
tion. The three toxins were deposited at the same concen-
tration of 45 nM onto three equally nanopatterned meta-
surfaces by direct absorption. The measurements were per-
formed on each nanopattern, which provided repeatable
spectra with well-resolved peaks. Figure 2a shows the aver-
age and normalized SERS spectra obtained for Stxla (blue
line), Stx2a (red line), and its cleaved form Stx2a-cl (green
line), respectively.

The fingerprint spectra shown in Figure 2a exhibits a
complex and varied distribution of vibrations correspond-
ing to the three proteins. The main spectral peaks for the
three analytes are reported in Table 1. The Raman spectrum
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analysis identified unique peaks for the toxins (Stx1a, Stx2a,
and Stx2a-cl), emphasizing their chemical fingerprints. The
analysis of the spectrum of the three toxins reveals notable
differences in peak shifts and intensities. The assignment
table reveals numerous notable peaks, including those asso-
ciated with disulfide bond stretching, tyrosine and trypto-
phan ring breathing modes, and backbone stretching. These
peaks elucidate the structural characteristics of the toxins
and their molecular interactions.

The cleaved Stx2a exhibits distinct peaks (e.g., 671 cm~,
731cm~, 891 cm™! and 1,552 cm™') and changes in thiol
group exposure (2,510 and 2,524 cm~1), signifying substan-
tial structural modifications following cleavage. In the spec-
trum of cleaved Stx2a, the C-S stretching region is domi-
nated by the C-S bond vibration at 671 cm~! but not in Stx2a
and Stxla spectra where the peak of methionine is better
resolved (720 cm™~1). Notably, cleavage of Stx2a induced the
resolution of different peaks attributable to Trp (731 cm™,
891 cm~!, and 1,552 cm™!) suggesting greater exposure of
these aromatic amino acids compared to Stx2a. Moreover,
some peaks observed in Stx2a are absent in the cleaved form
(Table 1 and Table S1in Supplementary Material), providing
further evidence of the changes induced by the cleavage
of Stx2a. Further differences are highlighted by two yellow
boxes showing spectral differences between the cleaved and
the wild type. In the 550-750 cm~! band, we can see that
the cleaved form shows a more definite spectra, and, in the
band, comprised between 1,125 and 1,370 cm™, we see again
more resolved or more intense peaks. A notable example
is the peak at 1,279 cm~! showing how the vibration of the
Amide III region corresponding to a-helix conformation
(1,260—1,300 cm™!) is more intense, indicating again impor-
tant structural differences. On the other hand, this behavior

(a) (b)
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; g — Stx2a — Stx2a
l H o Stx2a(cl) 0.0104 — Stx2a(cl)
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Figure 2: SERS analysis of the three Stx taken into consideration. (a) SERS fingerprint of the Stx1a (blue line), Stx2a (red line), and Stx2a-cl (green line).
(b) PCA analysis associated with the SERS measurements of the Stx1a (blue points), Stx2a (red points), and Stx2a-cl (green points).
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Table 1: Comparison and tentative assignment of the main spectral peaks found for the three analytes in their SERS fingerprint.

Wavenumber (cm™?) Assignation Stx1a Stx2a Stx2a(cl)
514-544 S-S stretching [70] + + +
624 n(C-S)G [74] Phe [75] + + +
657 C-H in-plane bending, stretch of H39 on C16, strong swagging of H42 on C24 - + -
and H28 on N2, H37 on 012, out of plane breathing of benzene ring [76]
671 Isoleucine/C-S stretching [70], [77] - - +
720 Ile [78] met C-S stretching [70] n(C-S)T [74] Tryptophan [79] + + -
836 Backbone stretching/out of plane ring breathing in tyrosine [70] - + -
935 Tryptophan/ C-C stretching [79] 8(C-C-N)symm, a-helical skeletal [80], [81]
1,001 Symmetric ring breathing mode of phenylalanine [82] Symmetric CC ring + + +
stretching [82]
1,029 C-H stretching mode of phenylalanine [83] + + +
1,252 Amide III band -N-H in-plane bend, C-N stretch [79], [81] + + +
1,279 Amide III band [79] CH2 wag or Ring stretching [82] + + +
1,323 Trp/C-H deformation/backbone/C-N twisting [77] C-H stretching of + + +
adenine [83]
1,381 COO- stretching [79] + + +
1,552 COO~ stretching /His/ Trp /Phe [70] - - +
1,574 Amide II band - Ade/Gua [79]
1,626 Tyr/Trp/Phe [79] + + +
1,684 Amide I band [79] + + +
1,723-1,836 C=0 stretch and C-C stretch [84], [85] + - -
2,510-2,535 S-H stretching, thiol group exposure [86] - - +

of cleaved Stx2a also demonstrates that, as in the case of the
native uncleaved toxin, the protein contains a significant
fraction of a-helix structure as previously shown by circular
dichroism [62].

A notable distinction is in the intensities of specific
peaks within the spectra. The area beneath the curve varies
considerably among the different spectra. For instance,
while examining the vibrations associated with S—S bonds,
anincrease in the area under the curve is observed between
the cleaved Stx2a and wild type at 514 and 544 cm™!, with
fold increases of 1.3 and 1.1 folds, respectively. Moreover,
the cleaved isoform exhibits a change in the -SH vibrational
modes relative to the wild-type. The SH bands in the cleaved
form are shown by a distinct peak at 2,510 cm~!, whereas
the wild-type exhibits modes at 2,524 and 2,535 cm™. The
area of the cleaved isoform SH vibrations is 1.5 times greater
than that of the wild type. These data validate the alteration
of the toxin structure following cleavages. Interestingly, the
analysis confirms that the distinctions between Stx2a and
Stxla, originating from two different genes and thus having
different primary sequence, are more likely to be signifi-
cant. By comparing the spectra of the native toxins (Stxla
and Stx2a), it is clear that differences are more quantitative
than qualitative since most of the peaks are present in both
spectra albeit with different intensities.

Subsequently, PCA was utilized to extract key spectral
information from the small differences in SERS spectra.
Figure 2b shows the projected spots in the 2D space con-
structed by the first two principal components (PC1 and
PC2), referring to the Stxla (blue points), Stx2a (red points),
and Stx2a-cl (green points) associated with the SERS mea-
surements. As visible from the map, the points associated
with the three toxins are clearly distinguishable forming
three clearly separated clusters. Interestingly, the relative
distances between the clusters also reflect the real differ-
ences in the chemical composition of the investigated tox-
ins, which are very pronounced between Stxla and Stx2a
and very subtle between Stx2a and Stx2-cl (even partially
overlapping).

ANOVA revealed highly significant statistical discrimi-
nation among the three toxins for both PC1 and PC2, with
exceptionally low p-values (Supplementary Material). This
success in separating the clusters can be explained by con-
sidering the values of the variance explained for the PC1
of 55 % and for the PC2 of 26 %, whose sum exceeds 80 %,
which represents a threshold reference value to obtain
an adequate diversification of the different investigated
analytes.

This result demonstrates that SERS in combination with
PCA can be a valuable tool for detecting differences among
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different samples of Stxs in water, allowing for a specific
recognition of the analytes without the need for antibody
probes.

3.2 Stx detection by functionalized SERS
substrates

To develop a sensor capable of detecting and discrimi-
nating the three Stxs taken into consideration, a second
approach based on the use of functionalized SERS substrates
was investigated. Three copies of our nanostructured sub-
strate were functionalized with specific antibodies for Stxla
(AbStx1), Stx2a, and Stx2-cl (AbStx2) at an optimized concen-
tration of 10 pg/mL in PBS. Subsequently, a concentration of
45 nM of the three toxins was deposited on the respective
substrates as described in Section 2.2. A schema of the main
steps of metasurface functionalization is shown in Figure 3a.
Repeated measurements were performed on each substrate
before and after the deposition of the Stxs. Figure 3b shows
the comparison of the average SERS spectra obtained for
ADbStx1 (black line) and functionalized toxin AbStxla/Stxla
(blue line), while Figure 3c shows a similar comparison
between the average spectra achieved for AbStx2a (black
line), AbStx2a/Stx2a (red line), and AbStx2a/Stx2a-cl (green
line), respectively.

The comparison between the spectra of the antibody
(Ab) alone and the Ab-Tox complex (Figure 3b and c) reveals
significant differences, suggesting structural changes result-
ing from the interaction between the antibody and the
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toxin. Unique peaks emerge in the Ab-Tox spectra, which
are absent in the Ab alone spectra. For instance, in Figure 3b,
novel peaks appear in the Ab-Tox complex spectrum, such as
the band between 500 and 550 cm™, indicating the presence
of disulfide (S—S) bonds characteristic of the toxin.

Additionally, several peaks are unique to the Ab-Tox
complex. For example, the 1,574 cm™! peak, also evident in
the fingerprint, is attributed to amide II vibrations, high-
lighting changes in the protein secondary structure upon
toxin binding. These distinct spectral features are also
observed in complexes with both Stx2a and Stx2a(cl) anti-
bodies. In Figure 3¢, the region between 1,500 and 1,700 cm !
shows peaks specific to the toxin (e.g., 1,574 cm™") and to the
Ab-Tox complex (e.g., 1,500 cm~1), further emphasizing the
structural differences introduced by the interaction.

Subsequently, as applied in the previous approach, PCA
was used to discriminate against the SERS signals measured
in the presence of the toxins. Figure 4 shows the spots in 2D
space referring to PC1 and PC2 of the SERS measurements
carried out for AbStxla/Stxla (blue points), AbStx2a/Stx2a
(red points), and AbStx2a/Stx2a-cleaved (green points).

As well visible, the points associated with the three
toxins are clearly distinguishable forming three separate
clusters. Interestingly, like the SERS fingerprint behavior
discussed above, the relative distances between the clusters
reflect the actual differences in the chemical composition of
the three toxins.

The sum of the variance values explained for PCl
(48 %) and PC2 (34 %) also for this experimental condition

(a)
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Figure 3: Analysis of functionalized SERS metasurface. (a) Schema of the main steps of functionalization process. (b) Comparison of the average SERS
spectra measured for AbStx1 (black line) at a concentration of 10 pg/mL and AbStx1a/Stx1a (blue line). (c) Comparison of the average spectra measured
for AbStx2a (black line) at a concentration of 10 pg/mL in PBS, AbStx2a/Stx2a (red line) and AbStx2a/Stx2a-cl (green line) at 154 nM in PBS.
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Figure 4: PCA analysis of the SERS spectra measured in the presence of
the toxins: AbStx1a/Stx1a (blue points), AbStx2a/Stx2a (red points), and
AbStx2a/Stx2a-cl (green points).

exceeds 80 %, allowing for adequate diversification of the
different analytes investigated. Similarly, in the previous
case, ANOVA was performed on the measured data, reveal-
ing highly statistically significant discrimination among the
three toxins for both PC1 and PC2 (Supplementary Material).

We point out that while a separation of the clusters
characterizing Stxla and the two forms of Stx2a analyzed
could have been well expected due to the different and
specific antibodies used, the same result was not obvious for
the measurements carried out in the presence of Stx2a and
Stx2a-cleaved for which the same antibody was used. This
result highlights even more how the information obtained
from the PCA analysis can confirm and enrich what can
be obtained and deduced from the simple analysis of the
spectra shown in Figure 3, allowing fine discrimination even
between subspecies of toxins which are in fact chemically
very similar.

Subsequently, to further test the performance in the
detection of the developed sensing system, we determined
the limit of detection (LoD) for both Stxla and Stx2a. To
this aim, we measured SERS spectra of the toxin in PBS at
different concentrations of the toxins lower than 1 nM, after
functionalizing 2 copies of the plasmonic metasurface with
10 pg/mL of the respective antibodies.

In Figure 5a and b, the y-axis reports the values
obtained subtracting the Raman intensities (I) of the highest
peak 1,002 cm™!, measured in the presence of the toxin,
from the intensity of the same peak (I;;,,,) measured before
toxin incubation (with antibody alone). In the case of the
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Stx1a, the experimental points show a good linear relation-
ship between the quantity I — I;;,, and the logarithmic
values of the toxin concentration C. The best fit for the rela-
tionships I — Iz = @ + b Log(C) was achieved with a =
551, b =208, and R* = 0.95 (red line in Figure 5a). Conversely,
for Stx2a, a linear relationship I — I, = @ + b C provided
the best fit, with a = 105, b = 2,220, and R* = 0.985 (red line
in Figure 5b).

In both cases, the LOD was determined following the
standard method recommended by the International Union
of Pure and Applied Chemistry (IUPAC) [87]. IUPAC defines
the LOD as the lowest concentration of an analyte that can
be reliably distinguished from background noise. A com-
monly used approach, particularly with linear calibration
curves, defines the LOD as the concentration at which the
signal equals the blank signal plus three times the stan-
dard deviation (30). Here, c represents the standard devia-
tion of blank measurements or low-concentration samples,
reflecting the inherent variability of the analytical signal in
the absence of the analyte. The factor 3 ensures statistical
confidence, meaning that the detected signal exceeds back-
ground noise with a probability of approximately 99.7 %,
assuming a normal distribution. This method is scientif-
ically robust, as it is based on well-established statistical
principles and aligns with the IUPAC definition of detection
limits. Following this approach, the standard deviation (c)
was calculated based on multiple blank measurements. By
solving the best-fit equation for this threshold, we obtained
LOD values of 6.8 pM (0.46 ng/mL) for Stxla and 2 pM
(0.14 ng/mL) for Stx2a.

We observe that the LOD values estimated for our
proposed system are superior or at least competitive with
which of both plasmonic systems and traditional methods
reported in the literature, summarized in Table 2.

Finally, preliminary measurements were conducted to
evaluate the specificity of our system for Shiga toxin detec-
tion using a nontarget toxin, specifically a lectin (Erythro-
hemagglutinin PHA-E (Phaseolus vulgaris)).

PHA-E lectin was chosen as a representative nontar-
get analyte because, like Shiga toxin, it is a biologically
active toxin that can be found in the bloodstream in
acute pathogenic syndromes. This selection aimed to assess
whether our sensor could distinguish between Shiga toxin
and another toxin potentially present in similar biological
environments. Figure 5c shows the SERS spectra obtained
for the Stxla antibody alone (black line) and after incu-
bation with 154 nM of the lectin in PBS (red line). Despite
the extremely high concentration of the lectin compared to
that used for Stx, no signal amplification was observed. The
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Figure 5: Test of functionalized SERS metasurface: a) LoD evaluation for Stx1 detection, experimental points obtained considering the intensity
of the 1,002 cm=" peak (black squares) and linear fit associated with data (red line); b) LoD evaluation for Stx2 detection, experimental points obtained
considering the intensity of the 1,002 cm~" peak (black squares) and linear fit associated with data (red line); c) specificity test, comparison, of the SERS
spectra measured for the Stx1 antibody alone (black line) and after incubation of 154 nM of the Lectin toxin (red line).

Table 2: Plasmonic approaches [64]-[69] and traditional methods [88]-[95] reported in the literature for Shiga toxin identification.

Technique Feature Analyte LOD Ref.
LSPR platform Synthetic glycosyl ceramides attached to gold nanoparticles Stx 10 ng/mL [64]
LSPR platform Gold nanoparticles bound to antibodies Stx2 10 ng/mL [65]
SPC-ECL Nanospheres of Au NPs encapsulated into a solid silica core with graphite phase  Stx 9fM [66]
carbon nitride quantum dots embedded
SPRi Biochip with 50-nm gold film Stx1, Stx2 50 ng/mL [67]
SERS substrate Recycled silicon chips Stx2 0.3158 pM [68]
SERS device Noble metal nanoparticles and Raman reporter loaded metal-organic Stx2 0.82 ng/mL [69]
framework
LC-MS Nanospray liquid chromatography-mass spectrometry and Vero cell bioassay Stx Stx2c¢ (5.7 ng/mL)  [88]
Reverse latex agglutination  VTEC-Screen Seiken Stx1, Stx2 25 ng/ml [89]
Nanoparticle platform Gold nanoparticles conjugated with Gb3 and silver enhancement Stx1 1 pg/ml [90]
Nanoparticle platform Magnetic nanoparticles conjugated with Gb3 and MALDI-TOF Stx1 330 pg/ml [91]
(mPCR) assay Vero cells in a three-dimensional (3D) platform Stx1, Stx2 32 ng/ml [92]
Lateral flow immunoassay =~ Based on AuNP and CdTe QD Stx2 25ng/ml [93]
SERS device 2D hybrid metallic polymeric nanostructure based on the octupolar framework  Stx2 1.4nM [94]
AlphalLISA Bead-based immunoassay Stx 0.5 ng/mL [95]
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SERS spectrum achieved reflects the characteristic signal of
antibody alone, with no contribution from the lectin.

These results highlight the potential of the proposed
sensing system as a highly sensitive and specific label-free
platform for the detection of Shiga toxins, making it an
excellent candidate for diagnostic applications where pre-
cision and reliability are critical.

4 Conclusions

In conclusion, this work explores the sensing performance
of a novel plasmonic metasurface based on a periodic
arrangement of EBL-fabricated NCs that has shown promis-
ing opto-plasmonic properties in previous works. We used
our system as a SERS substrate to achieve Stxs recog-
nition. In particular, we combine the spectral informa-
tion obtained from SERS measurements with the statistical
analysis provided by PCA to study and detect three dif-
ferent Stxs: Stxla, Stx2a, and its cleaved version Stx2-cl.
The results obtained with the nonfunctionalized approach
demonstrate the possibility of discriminating the three tox-
ins through the spectral fingerprints measured and, more
clearly, through the PCA analysis performed. Furthermore,
the results obtained with the functionalized approach show
the possibility of carrying out the detection of three toxins,
allowing fine recognition even between subspecies chemi-
cally similar. The most ominous complication of STEC infec-
tions in children is HUS that develops about a week after the
onset of prodomal intestinal symptoms (e.g., bloody diar-
rhea) when Stxs target the kidney. Therefore, the proper
management of STEC-infected children depends on early
diagnosis. Moreover, the discrimination between low-risk
STEC (Stx1-producing), high-risk STEC (Stx2-producing), or
intermediate-risk STEC (producing both Stx1 and Stx2) is of
paramount importance for the institution of therapy [53],
[96]. In the functionalized approach, the very low LODs of
about 0.46 ng/mL and 0.14 ng/ml estimated for Stxla and
Stx2a, respectively, also highlight the ability of the devel-
oped system to carry out analysis and detection of concen-
trations of the investigated cytotoxins that are lower than
those found in patients’ sera (2—6 ng/ml by ELISA) before the
development of HUS [97]. Finally, the ability of the system to
distinguish two forms of Stx2a (native and cleaved) differ-
ently involved in the pathogenesis of HUS provides an added
value prompting investigations on their role in the clin-
ical presentation of patients. These findings demonstrate
that the plasmonic metasurface proposed is very promising
for the development of devices for sensitive detection of
the analytes considered at the point of care. Future efforts
of this research activity will be directed toward testing
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solutions in real matrices and integrating the proposed sens-
ing system into Lab on Chip type platforms also for point-of-
care (POC) analysis.
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