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Cholera is a severe infectious disease caused by Vibrio cholerae. The disease primarily spreads through
contaminated food and water sources; it remains a significant global health concern. The pathogenesis
of Vibrio cholerae is facilitated by the secreted neuraminidase, Vibrio cholerae neuraminidase (VCNA).
This neuraminidase cleaves host cell surface sialic acids, which leads to bacterial colonization and
infection progression. This study presents the development of a label-free VCNA biosensor based on
electrochemical impedance spectroscopy. The biosensor relies on synthetic sialosides that form self-
assembled monolayers on gold electrodes. The system demonstrated selective detection of VCNA
activity through distinct impedance variations corresponding to the enzymatic cleavage of the sialoside
substrates. The VCNA activity was evaluated under varying environmental conditions, including different
media and pH values. This approach provides insights into developing robust biosensing platforms for
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Introduction

Cholera disease is caused by the toxin of the Vibrio cholerae (VC)
bacterium. The disease primarily spreads through contaminated
food and water sources. Infection leads to severe acute intestinal
infections, causing rapid dehydration and death if untreated.'
Recent data highlights a surge in global cholera cases. In 2023
alone, over 535000 cases and more than 4000 fatalities were
reported across 45 countries, marking a 13% increase in cases
and a 71% rise in deaths compared to 2022. This increase
underscores the impact of factors like climate change, access to
clean water, and sanitation in exacerbating outbreaks.” Early
detection of VC in the food supply chain plays a key role in
disease epidemiological prevention and management.’

The current gold standard methodologies for cholera diagnosis
primarily rely on the isolation of VC from stool samples via
selective media culture, a process that typically requires up to 8
days for conclusive confirmation.® While the polymerase chain
reaction (PCR) is also recognized as a gold standard diagnostic
technique for cholera, its widespread application is constrained by
the prerequisite for a specially equipped laboratory environment,
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bacterial detection, offering potential applications in various diagnostic and monitoring systems.

comprehensive logistical support, and highly specialized
personnel.”® The enzyme-linked immunosorbent assay (ELISA) is
a widely used method for disease detection, but the method has
several downsides in glycan-related applications. The reliance on
labelled reagents adds complexity, requires extensive sample pre-
paration, and increases costs. Loop-mediated isothermal amplifi-
cation (LAMP) offers rapid and cost-effective detection but faces
challenges in maintaining reaction conditions, limiting its
applicability.*” The development of robust cholera detection
methods for the whole food system value chain holds promise
in overcoming these limitations.

Sialic acid (SA), a distinctive monosaccharide, exhibits struc-
tural characteristics that differentiate it from other glycans. SA
is abundant in biological systems, at the terminal of glyco-
sphingolipids, glycophosphoinositol anchors, and sialosides
on the cell surface. Sialosides are O-glycans, N-glycans, and
other SA-modified polyglycoconjugates.’®™* Due to its unique
physicochemical characteristics, SA is prominently found on
the cell surface, where it plays a crucial role in mediating
cellular recognition processes, modulating immune system
responses, and participating in diverse intracellular signaling
pathways.’®*® The central role of SA in cell recognition and
bacterial infection processes highlights its potential for diverse
biosensing applications,'*"* ranging from metabolic monitor-
ing to disease detection.

Neuraminidases (NA), as exo-a-sialidases, represent a vital
class of glycoside hydrolase enzymes. These enzymes, which
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can exist in both secreted and membrane-bound forms, cata-
lyze the hydrolysis of sialic acid residues from glycoconjugates
on cell surfaces. Different NAs exhibit selective activity towards
various sialosides, reflecting their precise roles in biological
systems. Such enzymatic activity is integral to critical processes,
including intricate host-pathogen interactions, bacterial viru-
lence mechanisms, and microbial nutrition acquisition.">"”

Evaluating the enzymatic activity of NA against specific
sialosides, utilizing diverse methodologies, represents a pro-
mising approach for sensitive and selective detection of bacter-
ial and viral pathogens.

Vibrio cholerae neuraminidase (VCNA) is instrumental in
bacterial adhesion and host-pathogen interactions, mediating
pathogenesis processes such as toxin internalization through
endocytosis. The detection and characterization of VCNA in
biologically relevant environments and substrates pose consider-
able challenges. This can be attributed to the enzyme’s sensitivity
to various factors such as pH, ionic strength, and ion composi-
tion, all of which influence neuraminidase activity. Consequently,
these physicochemical parameters modulate enzymatic function,
thereby affecting host cell entry and metabolic interactions
within mammalian systems. Labelled substrate assays, such as
chromogenic, fluorogenic, and luminogenic methods, are widely
used due to their high sensitivity, rapid readouts, and compat-
ibility with high-throughput screening. Chromogenic assays uti-
lize substrates that undergo color changes upon enzymatic
cleavage, providing visual detection.'®" Fluorogenic assays
based on employing fluorescent substrates and monitoring the
change in fluorescence upon enzymatic modification provide
sensitive and quantitative readouts.”>*' Luminogenic assays rely
on substrates that generate luminescent signals upon enzymatic
reaction, offering rapid and sensitive detection.>* Labelled sub-
strate methods are susceptible to spectral interference from the
tested inhibitors, and can lead to signal quenching or increased
background fluorescence.”® In contrast, label-free methods
encompass chemical modification approaches, including thio-
barbituric acid (TBA),>* periodic acid-Schiff (PAS), and enzyme-
linked lectin.

TBA assays measure the release of N-acetylneuraminic acid
generated by NA, while PAS and enzyme-linked lectin assay (ELLA)
lectin-based assays detect the cleavage of sialic acid residues on
glycoproteins. These label-free techniques utilize natural sub-
strates, enabling the determination of linkage-specific NA activity.
However, they can be labour-intensive, require multistep proce-
dures, may involve toxic reagents, and can be susceptible to
interference from biological sample components.*> 8

Electrochemical impedance spectroscopy (EIS) is a sensitive,
label-free analytical technique for evaluating interfacial proper-
ties at the electrode surface. By applying an alternating current
signal, EIS measures the impedance and alterations in the
dielectric properties of the recognition layer. Impedance is
the transfer function that comprises resistance and capaci-
tance, corresponding with the systems response to an alternat-
ing current (AC) signal across a range of frequencies. The
dielectric properties typically arise from the functionalization
of the electrode surface and change due to specific analyte

8072 | Mater. Adv., 2025, 6, 8071-8077

View Article Online

Materials Advances

interactions. This method quantifies variations induced by enzy-
matic interactions with electrode-functionalized substrates,
which is often achieved by monitoring the diffusion of a redox-
active species through the recognition layer.?** The enzymatic
activity changes the substrate structure, which induces confor-
mational changes at the sensor interface, thereby modulating its
dielectric or electrochemical properties.>*>° EIS is a widely used
technique in biosensing applications, enabling the development
of highly sensitive detection methods for a diverse range of
analytes, from ions to bacteria. The high sensitivity and specifi-
city of EIS-based biosensors make them invaluable tools for
various applications, such as environmental monitoring,>” med-
ical diagnostics,®®*° and food safety analysis.*"**

EIS is a highly versatile analytical technique with widespread
applications across various fields, including its utility in the
development of sensitive and selective biosensors through the
analysis and immobilization of bio-recognition elements.

A common electrode in EIS-based biosensing is comprised
of glassy carbon or gold. The recognition layer can be covalently
bound to the different electrodes through various techniques to
form self-assembled monolayers (SAMs).** Glassy carbon elec-
trodes (GCEs) proved inadequate to follow enzymatic reactions
on sialosides.** In that study, gold electrodes (AuEs) were
selected for VCNA biosensor development as they proved to
preserve NA catalytic activity. Therefore, the use of EIS com-
bined with diverse glycans offers a label-free and sensitive
method for biosensing applications such as monitoring the
activity of neuraminidase and sialyltransferase and differentiat-
ing between NAs based on activity on sialoside with structural
variation.*>**~*®

In this study, we demonstrate the application of an EIS-
based biosensor platform for VC bacterial detection, utilizing
synthetic sialosides to target secreted VCNA. This study exam-
ines the effects of environmental factors such as pH and
complex biological environments on enzyme activity and sen-
sor performance. This approach provides a foundation for
robust biosensor design for bacterial infection detection.

Experimental
Electrode surface modification

The AuE was modified manually, the electrode was polished
using 0.05 pm alumina powder embedded in a microcloth
(Buehler), then washed with triple distilled water (TDW) three
times. After the polishing step, the electrode was modified with
1 mM o-lipoic acid (LPA):EtOH solution for 1 h at 25 °C, then
rinsed with EtOH and TDW three times. The electrode was
treated with a solution of 1 mg mL™" of (1-cyano-2-ethoxy-2-
oxoethylidenaminooxy)dimethylamino-morpholino-carbenium
hexafluorophosphate (COMU):acetonitrile (ACN) and 1% N,N-
diisopropylethylamine (DIPEA), incubated for 1 hour at 25 °C,
then washed in ACN. The alkyl-amine terminated sialoside
concentration was 2 pm in 0.2 mL TDW and incubated for
1 h at 37 °C. After the modification, the electrodes were rinsed
with TDW and stabilized in 50 nM AB for 1 hour at 37 °C. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enzyme solution was prepared according to the protocol
described here. The modified electrodes were exposed to the
enzyme for 1 hour at 37 °C.

Electrochemical measurements

The electrochemical impedance spectroscopy (EIS) measure-
ments were performed in a standard three-electrode electroche-
mical cell setup. The AC potential source is provided by a
BioLogic SAS SP-300 potentiostat under single sine AC excitation
at a potential of 0.21 V with 10 mV amplitude in the frequency
range from 100 kHz to 0.1 Hz. The electrochemical cell com-
prises a reference electrode Ag/AgCl, a working electrode (2 mm
AuE), and a Pt billet as a counter electrode. The measurements
were performed in [Fe(CN)s]* /[Fe(CN)s]*~ 5 mM and KCI 100
mM solution, and 50 mM acetate buffer at pH 5. The experi-
mental results were fitted to the Randel equivalent circuit
represented as Rg[(RcrW)IIQ]. Rs is the resistance of the solution,
Rcr is the charge-transfer resistance of the layer, Q is the
constant phase element, and W is the 120 Warburg diffusion
element. The normalized Rqy is calculated as the ratio between
the Rcr after and before the enzymatic exposure.

Exposure to the enzyme

Stock samples of NA were prepared as previously described.*”
Stock samples of NA were dissolved in 200 pL of 50 mM acetate
buffer (AB) (pH 5.2). 2 pL of each stock solution was added to
178 pL of 50 mM AB, giving a final volume of 0.18 mL (3 mU
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mL~"). Each modified electrode was drop-cast with 60 uL of the
solution for 1 hour at 37 °C. After the exposure, the electrodes
were rinsed with TDW.

Results and discussion

Preparation of and characterization of the sialoside Au
electrodes

The AuEs were modified with four different synthetic sialosides
(Fig. 1). The four substrates share the same LacNAc core struc-
ture, while the SA structural variations allow for enzymatic
regioselectivity. The differences between the sialosides arise from
the presence of two distinct types of sialic acid and two variations
in their glycosidic linkages. The first two substrates resemble
human-type sialosides, with acetyl on C-5, namely, Neu5Ac, and
either 2,6 or 2,3 connectivity (H6, H3). The other two substrates
resembled non-human mammalian sialosides with hydroxy
acetyl at position 5, namely, Neu5Gc with connectivity 2,6 (M6)
and 2,3 (M3). The glycan assembly on AuEs was performed in a
stepwise manner (Fig. 1) following the previously described
protocol and is presented for H3. Polished AuEs were functiona-
lized with LPA to provide AuE-LPA (Fig. 1, step I). Following this
modification, we characterized the monolayer using EIS and X-
ray photoelectron spectroscopy (XPS). The EIS analysis showed a
2 kQ (Fig. 2(A)) increase in Rcr due to the AuE’s surface
modification with LPA. Additionally, the XPS data indicated a
layer thickness of 9 A, corresponding to the calculated length of
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Fig. 1 The assembly of four sialosides on a gold electrode. Assembly steps: LPA self-assembly (step 1), coupling the alkyl-amine terminated trisaccharide
to the LPA (step ll), exposure to VCNA (step Ill). The trisaccharides that were used in this study (top) with the structure and their corresponding symbol
nomenclatures for glycan (SNFG): 2,6-Neu5Ac-Gal-GlcNAc trisaccharide (H6), 2,3-Neu5Ac Gal-GlcNAc trisaccharide (H3), 2,6-Neu5Gc-Gal-GlcNAc
trisaccharide (M6), and 2,3-Neu5Gc-Gal-GlcNAc trisaccharide (M3). The H3 and H6 Neu5Ac acetyl is coloured red, and the M3 and M6 Neu5Gc
glycolates are coloured blue. The 2-6 glycosidic bond is coloured green, and the 2-3 glycosidic bond is coloured magenta.
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the LPA molecule. The LPA-trisaccharide coupling was achieved
through an amidation reaction, wherein the amino group of the
trisaccharide was coupled to the terminal carboxylic acid of the
LPA using a 1-cyano-2-ethoxy-2-oxoethylidenaminoxy (COMU) cou-
pling agent (Fig. 1, step II) to provide AuE-H3. The XPS analysis
confirmed a 4 A increase in the monolayer thickness, resulting in a
total thickness of 13 A. Support for modification of the LPA
monolayer with the trisaccharides based on the polarization
modulation reflection absorbance infrared spectroscopy analyses
shows a distinctive peak for the C-N stretch at 1350 cm™" (Fig. S3).

Additionally, the XPS data showed an enhanced signal in the
N1s region, corresponding to the formation of the amide bond
and the presence of the amide groups from the sialosides. The
EIS analysis indicated an increase of 10 kQ in the Rcr, and the
change in Rcr is consistent with the modification of the LPA
monolayer with the trisaccharide. The extent of monolayer
modification with the trisaccharide H3 was quantified via
XPS by calculating the N/S atomic ratio. An increase in this
ratio, resulting from the amidation of LPA terminal carboxylic
acids with the sialoside, indicated that 43% of the SAM was
modified with H3, resulting in a surface coverage of 6.9 x 10"
molecules per cm?.

EIS analysis of sialoside-based VCNA preference and sensitivity
range

VCNA is a well-characterized sialidase enzyme that catalyses the
hydrolysis of a-ketosidic linkages between terminal sialic acid
residues from the adjacent subterminal glycan in the
glycoconjugates.'® AuE-H3 was exposed to VCNA in acetate
buffer (AB) at a temperature of 37 °C (Fig. 1, step III). This step
shows a reduction in the Rcp of 9 kQ (Fig. 2(A)) which corre-
sponds with the removal of the SA by VCNA. The results
indicate that the modification of AuE’s surface with sialosides
increased the resistance to charge transfer, leading to a change
in impedance as Rcr increased. Enzymatic activity by VCNA and
the subsequent removal of sialic acid residues facilitated elec-
tron transfer, causing a corresponding decrease in Rcr. XPS
analysis after treatment with VCNA showed no significant

View Article Online

Materials Advances

increase in surface thickness or N1s signal, suggesting that
the enzyme did not adsorb to the surface.

These observations support the effectiveness and stability of
the sialoside-functionalized electrode and align with para-
meters reported in previous studies.**

EIS analysis was conducted on AuEs modified with one of
four distinct sialosides. In each experiment, the biosensor was
modified with different sialosides, followed by exposure to Vibrio
cholerae neuraminidase in an acetate-buffered saline solution
(Fig. 1, step III). Based on previous studies,**>> and similar
results reported in sialoside-based biosensing,*®**** EIS analysis
results showed that treatment of the sialylated electrodes with
VCNA led to a decrease in Rcr. To evaluate the differences among
the sialosides, the normalized response was calculated by the
ratio between the Rqr before the exposure to the Rcr after the
enzymatic activity (Fig. 2(B), normalized Rcr, NRcr). These results
suggest that the most efficient catalytic activity of VCNA was on
the H3-modified AuEs. The lowest activity was observed with the
M6 substrate, indicating lower catalytic efficiency. This observa-
tion aligns with previous solution-based enzyme activity studies
for VCNA.>" To evaluate the biosensor sensitivity towards VCNA,
AuE-H3 was screened against 0.0003 up to 3.0 mU mL ™" enzyme
concentration. Significant EIS response was observed between
0.3-3 mU mL ™', demonstrating the sensitivity of the biosensor
platform (Fig. 2(C)).

VCNA biosensing in complex media

VCNA represents a promising biomarker for the detection of V.
cholerae, particularly for applications in the food supply chain
and public health. Non-optimal pH and the presence of multi-
ple components in the analysed sample can interfere with the
biomarker recognition of the biosensor. The development of
reliable V. cholerae biosensors necessitates a comprehensive
evaluation of VCNA activity under biologically relevant
conditions.*® We systematically investigated the electrochemi-
cal impedimetric response of the VCNA H3 biosensing platform
in different environmental conditions, focusing on pH and
media composition effects (Fig. 3). To accommodate the pH
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Fig. 2 (A) The Nyquist plots representing AUE-H3 assembly and the VCNA response, bare AuE (black), AuE-H3 substrate (green), and after exposure to

VCNA in AB (teal); (B) the biosensor VCNA enzymatic activity toward different sialoside-modified AuE. The activity is represented as the normalized ratio
of Rcr values, reflecting substrate-specific SA hydrolysis. (C) The biosensor limit of detection of the VCNA enzymatic activity toward H3 sialoside-
modified AuE. The error bar represents the standard deviation based on five repeats and the Nyquist plot is fitted with the equation Rs[(RctW)| Ql.
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Fig. 3 Impedimetric response of the AuE-H3 to VCNA conditions that

vary from optimal (red) to biorelevant (blue). Response was measured in
pH 5.0 (AB) or in pH 7.4 (AAB, DMEM, DMEM + FBS, milk). DMEM and
DMEM + FSB represent two typical cell culture media that contain a large
variety of proteins that might interfere with the biosensing. The normalized
Rct was calculated by dividing the response of the sialylated electrode by
the response recorded after the exposure to VCNA.

variability inherent to food matrices, experimental parameters
were adjusted accordingly. Initial studies were conducted in
sterile AB at pH 5, representing optimal conditions for VCNA
activity. To better simulate conditions relevant to food systems,
impedimetric measurements of VCNA activity toward H3 were
subsequently performed in ammonium acetate buffer (AAB) at
pH 7.4. Under these conditions, incubation of AuE-H3 with
VCNA in AAB resulted in a detectable decrease in impedance.
The measured signal in AAB was less pronounced than in AB,
and a clear and quantifiable impedimetric signal, consistent
with enzymatic activity, was obtained at non-optimal pH.

To further evaluate the biosensor detection sensitivity in a
more complex environment, studies were conducted in two
typical cell culture media at pH 7.4. Biosensing was performed
in either Dulbecco’s modified Eagle medium (DMEM), which
contains nutrients and proteins, or in DMEM supplemented
with 10% fetal bovine serum (FBS). FBS is a vital supplement
for cell culture media, providing essential components for cell
growth and proliferation in vitro, namely high concentrations of
proteins, a range of growth factors, nutrients, trace elements,
electrolytes, and detoxifying agents, expanding the sensing
environment complexity (Fig. 4). In both systems, a decrease
in impedance was observed, indicating that VCNA was also
active under these conditions. The impedimetric signal of those
complex systems was comparable to the one observed under
the simpler AAB system. In all three observed cases, there is a
significant detectable signal for the enzymatic activity, proving

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Response of 3 mU mL™* NAs from VC (brown), CP (blue), AU
(green), SP (cyan), HIN1 (black), H3N2 (red), and H5N1 (purple) to AuE-H3
and AuE-H6. The response was calculated by the equation of
[log(normalized Rc1)|. The error bar is based on five repeats.

that biosensing can be achieved even under non-optimal pH.
These results indicate that the addition of cell growth media
components does not impede VCNA activity. This suggests that
the biosensor can be utilized in complex environments with a
large number of components, such as cell growth media.

Extending the evaluation of the biosensor’s performance in
real-world applications, the activity of VCNA was subsequently
measured in milk. This experiment aimed to assess the biosen-
sor’s robustness and applicability in a matrix highly relevant to
food safety and public health, given that VC mainly spreads
through contaminated food. While the complexity of the milk
matrix, comprising a diverse array of proteins, lipids, and other
macromolecules, could potentially interfere with enzymatic
activity or sensor signalling, the impedimetric analysis supports
VCNA detection. A slight increase in the normalized Rcr was
observed, indicating that despite the non-optimal conditions
and the intricate composition of milk, the biosensor maintained
its ability to detect VCNA activity. This finding and the biosen-
sor’s functionality in cell culture media (DMEM and DMEM +
FBS) show the biosensor’s effectiveness under non-optimal pH
and in the presence of various biological components.

VCNA biosensing fingerprints differ from other NAs

NA plays an important role as a virulence factor for numerous
bacterial and viral pathogens. In previous works, we demon-
strated that modified AuEs detect the activity of influenza neur-
aminidases, along with different bacterial NAs from Arthrobacter
ureafaciens (AUNA), Clostridium perfiingens (CPNA), and Strepto-
coccus pneumoniae (SPNA).*>**® The results indicate a degree of
cross-reactivity in NA detection by a single sialoside. However,
combining the responses of various NAs at the same concen-
tration (3 mU mL™") and conditions (pH 5), utilizing AuE-H3 and
AuE-H6, yielded a distinguishable impedimetric pattern specific
to Vibrio cholerae neuraminidase when compared to other NAs

Mater. Adv.,, 2025, 6, 8071-8077 | 8075
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(Fig. 4). The differential substrate preference can be attributed to
two main factors. The first is the intrinsic kinetic preference of
each NA, which is dictated by structural characteristics such as
active-site architecture and catalytic pocket accessibility, in line
with their biological function. For example, although both CPNA
and VCNA are secreted NAs, and belong to the CBM40 lectin
family, CPNA exhibits a shallower substrate-binding pocket,
while VCNA possesses a broader cleft, which may confer greater
flexibility in accommodating structurally diverse sialosides. This
structural distinction is consistent with the higher activity
observed for VCNA under the same assay conditions. The second
factor involves interactions with the sensor-surface interface. The
charge and organization of the surface monolayer can modulate
NA orientation, steric accessibility, and hydration layer dynamics,
which collectively influence substrate recognition and catalytic
turnover. Such interface effects may either amplify or diminish
the apparent differences in substrate specificity among NAs.***”
These observations are aligned with our recent findings that
surface properties exert a profound impact on enzyme kinetics.**

The above results show that the sialoside-based EIS sensing
platform possesses several features that are extremely valuable
for the development of the VCNA biosensor. First, the unique
enzymatic interaction that takes place on the sialoside anchored
AuEs proved responsive even in complex media derived from
two relevant food related samples. Second, the sensor proved
relevant even at a pH that is not optimized for the specific
enzyme. Third, the contribution of intrinsic enzymatic features
towards the different sialosides provides a sensing interface that
enables robust discrimination between various NA types. This
can be achieved by employing an array of glycans with con-
trolled molecular modifications, which provide unique finger-
prints associated with the NAs.

Conclusions

VCNA biosensing at optimal and biorelevant conditions using a
sialoside-based electrochemical platform was demonstrated.
VCNA exhibits a unique activity profile towards sialosides,
differentiating it from other neuraminidases. The biosensing
platform demonstrated robust performance in cell growth
media and milk, indicating that detection of this biomarker
is possible even under non-optimized conditions. Furthermore,
while pH influences VCNA activity, it does not completely
inhibit the electrochemical response associated with the enzy-
matic reaction. The developed sialoside-functionalized impedi-
metric biosensor extends beyond single-substrate detection,
offering a robust proof of concept for a multiplexed enzymatic
biosensor based on the enzyme’s unique fingerprint. This
approach leverages an array of distinct sialoside recognition
elements on the biosensor surface, allowing for the compre-
hensive characterization of neuraminidase activity. By indivi-
dually monitoring the impedimetric response for each sialoside
upon exposure to Vibrio cholerae neuraminidase, a unique
enzymatic fingerprint is generated. This differential activity
profile across a panel of sialosides is critical, as it enables the

8076 | Mater. Adv, 2025, 6, 8071-8077
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discrimination of VCNA from other neuraminidases that exhi-
bit different substrate specificities.

This multi-sialoside platform thus provides a high-
resolution enzymatic signature, reflecting the specific interac-
tions between VCNA and the various immobilized sialosides.
The ability to resolve such distinct activity patterns through this
multiplexed impedimetric analysis offers significant potential
for highly selective pathogen identification and characteriza-
tion. The applicability demonstrated suggests that further
development can yield a robust tool for real-time Vibrio cholerae
sensing in food chain systems and bioreactors.
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