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ABSTRACT: The requirement to prevent foodborne illnesses underscores the need

for reliable detection tools, stimulating biosensor technology with practical solutions

for in-field applications. This study introduces a low-cost immunosensor based on a |
single-walled carbon nanotube (SWCNT)-modified gold leaf electrode (GLE) for & §

the sensitive detection of Escherichia coli. The immunosensor is realized with a layer- [Fe(c;>;]f

by-layer (LbL) assembly technique, creating an electrostatic bond between positively
charged polyethylenimine (PEI) and negatively charged carboxyl-functionalized
SWCNTSs on the GLE. The structural and functional characterization of the PEI-
SWCNT film was performed with Raman spectroscopy, high-resolution scanning
electron microscopy (HRSEM), and electrical measurements. The PEI-SWCNT film
was used as a substrate for antibody immobilization, and the electrochemical sensing
potential was validated using electrochemical impedance spectroscopy (EIS). The
results showed a wide dynamic range of E. coli detection, 10'—108% cfu/mL, with a
limit of detection (LOD) of 1.6 cfu/mL in buffer and 1S cfu/mL in the aqueous solution used for cleansing fresh lettuce leaves,
affirming its efficiency as a practical and affordable tool in enhancing food safety.
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B INTRODUCTION

The growing concern about food safety and bacterial
contamination has become a prominent issue in the global
market marked by increased food production, distribution, and
consumption. The prevention of foodborne illnesses, often
linked to bacterial contamination, requires safety screening and
analyses across the entire food production continuum. One of

(PCR), which require expensive laboratory equipment, skilled
personnel, and specific conditions. Recent studies in the field
of biosensor technology have proposed solutions based on
. 18 . .9 10 .
optical,” colorimetric,” mass-change, = and electrochemical
detection principles.11 With their high sensitivity, rapid
detection, and in-field application potential, electrochemical
biosensors based on potentiometric, conductometric, and

the most common and persistent bacteria in the mineral soil,
water sources, and subsequently after irrigation in fruits and
vegetables is Escherichia coli.' Databases and studies across 10
out of the 14 World Health Organization (WHO) subregions
revealed a global annual incidence of 2.8 million cases.” E. coli
has emerged as a significant health threat, playing a substantial
role in diarrheal diseases, urinary tract infections, sepsis,
meningitis, and pyelonephritis, even in developed countries.”
In this sense, reliable and cost-effective tools for the sensitive
detection of contaminating pathogens are required to ensure
food safety.””

Biosensor technology has rapidly emerged as a progressive
field in modern science, combining the expertise from diverse
disciplines to create innovative sensing devices applicable in
food safety, environmental monitoring, and public health
domains.’ Biosensors hold the potential to develop cost-
effective portable devices with rapid quantification of the
present bacteria with high specificity and sensitivity in small
volumes of a liquid sample.” They are promising alternatives to
traditional methods, such as culture techniques, or molecular
biology methods, such as the polymerase chain reaction

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications

22277

impedimetric principles are proposed for different applications
in food safety."?

Our recent study introduced a low-cost fabrication
technology of gold electrodes using gold leaves."> The novel
technology confirmed the sensitivity, stability, and reproduci-
bility of the electrodes, and consequently electrochemical
signals. Finally, the potential in biosensing applications was
demonstrated via development of an immunosensor for E. coli
detection without any surface modification or signal
amplification of gold leaf electrodes (GLEs).

Recent studies have widely used different nanomaterials and

14,15

signal amplification strategies in combination with various

biorecognition elements for specific target detection. Namely,
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nanomaterials behave like a substrate for biorecognition
element immobilization with a high specific surface area,
while at the same time they act as transduction elements,
improving the signal strength. Since the discove?f of single-
walled carbon nanotubes (SWCNTSs) in 1993,'° they have
quickly become a worldwide focus of research due to their
outstanding properties. With an ultrahigh surface area,
excellent mechanical strength, high thermal and electrical
conductivity, stability in various solutions, and outstanding
electrochemical properties, SWCNT's have attracted attention
for their potential application in biosensors.'”~*° The electrical
properties of SWCNTs are widely known for their
susceptibility to change when exposed to biomolecules, and
for this reason, CNT-based biosensors are attractive to many
research groups around the world. So far, various types of
CNT-based biosensors are proposed in the literature, such as
SWCNT-based biosensors for the detection of essential
vitamins (e.g,, ascorbic acid) or dopamine,'” CNT-based
electrochemical enzyme sensors for the detection of glucose
and choline,” ™** electrochemical DNA sensors for the
immobilization of nucleic acid** and RNA,25’26 electrochemical
immunosensors also based on CNTs for the detection of
mycotoxins~~ and various types of cancer,”* "

In order to increase the electroactive surface of an
electrochemical biosensor, a novel approach based on
nanomaterial modification is examined in this research. We
propose a low-cost SWCNT-based GLE immunosensor for the
sensitive detection of E. coli in the liquid medium collected
after cleansing lettuce. For the fabrication of the immuno-
sensor, a layer-by-layer (LbL) assembly technique has been
used for alternate deposition of the positively charged layer of
PEI and negatively charged carboxyl-functionalized SWCNTs
(SWCNTs-COOH) on the GLE to form an electrostatic bond
between the layers. The SWCNT-based film has been
characterized with Raman spectroscopy and HRSEM in
terms of structural properties, while the change in the electrical
response and electrochemical properties is examined through
the sensor’s fabrication steps and final testing for the detection
of spiked E. coli in samples of water used for cleansing fresh
lettuce leaves.

B EXPERIMENTAL SECTION

Materials and Methods. Materials and Chemicals. For
GLE fabrication, 125 um thick poly(vinyl chloride) (PVC)
sheets (ImageLast A4 125 Micron Laminating Pouch) were
purchased from Fellowes Brands (Poland), commercial gold
leaves were obtained from Belgrade (Serbia), while poly-
(tetrafluoroethylene) (PTFE) spray was purchased from
Wurth (Serbia). Commercial carboxyl-functionalized single-
walled carbon nanotubes (SWCNTs-COOH, purity: >90%,
diameter: 4—5 nm, length: 0.5—1.5 pm), polyethylenimine
(PEI) solution (M, ~ 60,000, M,, ~ 750,000), bovine serum
albumin (BSA), potassium ferricyanide (K3[Fe(CN)6]),
potassium ferrocyanide (K4[Fe(CN)6]), and tryptone soya
agar (TSA) were purchased from Sigma-Aldrich, while rabbit
polyclonal anti-E. coli antibody (ab137967) was purchased
from Abcam (USA). Deionized (DI) water was used during
the whole experiment.

Equipment. For GLE manufacturing, a Laminator PDA3
330C (PINGDA, China) and a Nd:YAG laser PowerLine D-
100 (Rofin-Sinar, Germany) were used. Structural character-
ization was performed with a Horiba XploRA PLUS Raman
spectrometer (green laser, A = 532 nm) and a Thermo Fisher

Scientific Apreo C high-resolution scanning electron micro-
scope. Electrical properties were investigated with a semi-
conductor parameter analyzer (range: from —1 to 1V, step by
0.01 V), while electrochemical characterization was done with
a potentiostat/galvanostat/impedance analyzer, PalmSens4
(PalmSens BV, Houten, The Netherlands) and PSTrace 5.8
software.

Experimental Procedure. The experimental part will be
divided into 6 sections: (i) gold leaf electrode (GLE)
fabrication, (ii) PEI-SWCNT film preparation on a gold leaf
electrode (GLE), (iii) immunosensor construction, (iv)
bacteria cultivation and quantification, (v) validation of
biosensing performances, and (vi) fitting results with the
equivalent Randles circuit.

GLE Fabrication. The GLE fabrication procedure is
described in detail in our previous work."® Briefly, two layers
of gold leaf sheets were laminated by the hot lamination
process at the surface of PVC supporting layers. Afterward,
laser ablation was used for removing the gold from the surface,
leaving only gold parts that create the electrode design.

PEI-SWCNT Film Preparation. As in our previous wor
we used a simple, low-cost LbL technique to fabricate a CNT-
based biosensor. The principle of the LbL technique is based
on the alternate deposition of positively and negatively charged
layers to form a thin monolayer film. The prepared 1% PEI
solution served as the positively charged layer, while the 0.1%
dispersion of SWCNTs-COOH served as the negatively
charged layer. The detailed procedure of biosensor realization
is shown in Figure 1. In the first step, GLE was cleaned in 0.5
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Figure 1. Schematic view of the layer-by-layer (LbL) procedure and
functionalization steps.

M sulfuric acid by cyclic voltammetry (potential range: 0—1.5
V vs gold reference electrode, scan rate: 0.5 V/s, 10 scans) and
then washed with DI water (Figure 1). Subsequently, a 0.6 yL
droplet of PEI solution and a 0.6 uL droplet of SWCNTs-
COOH dispersion were added, with the washing step in
between. The PEI-SWCNT film has a bilayer structure, as
shown in Figure 1. The prepared bilayer structure was dried at
room temperature, characterized in terms of electrical and
electrochemical properties, and used for biosensor preparation.
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Figure 2. (a) Raman spectra of the PEI-SWCNT film on a gold leaf electrode (GLE); (b) micrograph of the PEI-SWCNT@GLE surface at
150,000X magnification; (c) current—voltage dependence of a PEI-SWCNT film; and (d) cross section of PEI-SWCNT@GLE.

Immunosensor Construction. Surface functionalization
with antibodies of SWCNT-modified GLE implies a 1 h
incubation of 0.1 mg/mL anti-E. coli antibodies on the working
electrode, ie., on the PEI-SWCNT film. Namely, carboxyl
groups of SWCNTs covalently bind to amino groups of
antibodies, making a biorecognition layer on the SWCNT
surface. Afterward, the electrode was rinsed with DI water, and
incubation of 50 pg/mL BSA was done for 20 min to prevent
nonspecific binding on the surface (Figure 1d). Finally, each
concentration of bacteria was incubated for 20 min and
characterized via EIS (frequency was set in the range 1 Hz—
100 kHz with an amplitude of 10 mV, direct potential was
equal to zero, and measurements were performed versus open-
circuit potential in the two-electrode system).

Bacteria Cultivation and Quantification. Bacteria were
prepared by overnight culturing at 37 °C on TSA plates, while
different concentrations in the range of 10'—10° cfu/mL were
made from 0.5 McFarland standard. Besides specific E. coli
(ATCC 25922) bacteria, the specificity of detection was
confirmed with two nonspecific bacteria, Gram-positive
Bacillus subtilis (PY79) and Gram-negative Enterobacter
aerogenes (ATCC 13048). Specificity tests with nonspecific
bacteria were performed with 10* cfu/mL. Counting of
bacterial colonies was performed on TSA plates to confirm
the bacterial concentrations. A similar procedure was used for
spiked E. coli in the complex matrix of the aqueous solution
employed for lettuce cleansing.

Validation of Biosensing Performances. Each concen-
tration of bacteria was incubated for 20 min, rinsed with DI
water, and characterized with a redox probe (5 mM mix of
potassium ferro/ferricyanide prepared in DI water) via EIS.
Biosensing performances were validated in buffer solutions and
samples of aqueous solution used for cleansing fresh lettuce
with spiked bacteria.

For validation of performances in complex matrices, E. coli
was spiked in the aqueous solution used for cleansing lettuce.
Lettuce samples were purchased from a local supermarket and
left in DI water for 1.5 h. The aqueous solution was filtered
with a 0.2 pm sterile filter to prevent water contamination with
bacteria. The filtered aqueous solution was used for both
saturating the immunosensor surface and conducting control
experiments, as nonspecific components in the sample could
yield a false-positive signal. Finally, E. coli bacteria were spiked

into aqueous solution samples, with a series of dilutions in the
concentration range from 10" to 10® cfu/mL.

For validation of biosensing performances in lettuce aqueous
solution samples, a control experiment was made with repeated
incubations of the aqueous solution on separate electrodes,
prepared with the same procedure as the tested one. Both
electrodes were saturated with nonspecific components of
lettuce aqueous solution during 2 h of incubation. In the
following steps, the controlled electrode was tested with
repeated incubations of lettuce aqueous solution, while the test
one was tested with spiked E. coli in lettuce aqueous solution.
In this way, a false-positive signal was avoided.

Fitting Results with the Equivalent Randles Circuit. The
impedance results correspond to the behavior of the electronic
circuit with different electronic components that illustrate the
droplet—electrode interface. The redox probe is described with
solution resistance Rsol, while the droplet—electrode interface
is described with a parallel RC circuit. The RC circuit contains
charge-transfer resistance R, which directly quantifies centers
of interactions available for the redox probe reaction at the
electrode surface. With the increase of bacterial concentration,
this parameter also increases, and it is used for the description
of sensor saturation. Besides, the Warburg element is
connected with the R, parameter and describes the diffusion
process from the droplet to the electrode surface. Finally, R
and W are connected in parallel with a constant-phase element
(CPE), which illustrates the double-layer properties of the
interface between the electrode and the electrolyte in real
systems with imperfect capacitors. The described circuit is
known from the literature as the Randles circuit.”® The open-
source program EIS Spectrum Analyser was used to fit the
results with an equivalent Randles circuit. The program is
available at http://www.abc.chemistry.bsu.by/vi/analyser/.

B RESULTS

This section interprets the structural and electrical properties
of the PEI-SWCNT@GLE biosensor. Subsequently, the
Discussion section will encompass the biosensor’s functional-
ization process and its efficacy in detecting E. coli. The final
segment will provide information on the biosensor’s specificity
and sensitivity for lettuce sample analysis.

Characterization of PEI-SWCNT@GLE. Raman Spec-
troscopy. Raman spectroscopy provided information about the
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molecular structure of the carbon material. Figure 2a shows the
PEI-SWCNT bilayer structure on a GLE, with the five most
intense peaks describing the nanotubes. The most intense peak
at 1595 cm ™' is a G-band, and it is divided into two sub-bands
(G+ and G-). The shape of the peaks indicates the
semiconducting behavior of nanotubes according to the
literature.”*° The relatively low intensity of a D-band peak
at 1345 cm™1 confirms the high quality of carbon nanotubes,
as the D-band is known to indicate disorder in the
structure.”™*> The additional peak at 2677 cm™" is known as
the G’-band, and it originates from the defects. The radial
breathing mode (RBM) vibration at 173 cm™ confirms the
fact that single-walled carbon nanotubes are present, as it is a
specific vibrational mode that only occurs in single-walled
carbon nanotubes.****

High-Resolution Scanning Electron Microscopy. High-
resolution scanning electron microscopy (HRSEM) provided
further details of the structure, morphology, and distribution of
SWCNTs in the PEI matrix on a GLE. The micrograph in
Figure 2b shows the surface of a PEI-SWCNT film on a GLE
at 150,000X magnification, while the micrograph in Figure 2d
represents the cross section. It can be observed that the
distribution of SWCNTs is relatively uniform along the surface.
The micrograph also shows that the structure of the film is
porous, and the nanotubes are interconnected. The porous
structure provides a high specific surface area, which should
enable better sensitivity of the biosensors. A higher specific
surface area means a larger surface area for antibodies and
bacteria to bind to antibodies, resulting in enhanced signals.
From Figure 2d, it can be observed that the film is continuous
and that the nanotubes are embedded in the polymer matrix.
To confirm the existence of the PEI-SWCNT film, energy-
dispersive X-ray (EDX) analysis was performed (Table 1).

Table 1. EDX Analysis of the PEI-SWCNT Film and GLE

net counts
element point 1 (PEI-SWCNT) point 2 (GLE)
gold (Au) 183 6501
carbon (C) 8152 675
nitrogen (N) 558 13
oxygen (O) 656 129

Point 1 indicates the PEI-SWCNT film, while point 2
represents the GLE. The first point shows an increased net
count of elements such as carbon (C), nitrogen (N), and
oxygen (O). The predominance of carbon and oxygen is
attributed to SWCNTs-COOH, while the presence of nitrogen

indicates the incorporation of PEI polymers with amino
(—=NH,) and imino (—NH—) groups. The increased net count
of gold in point 2 indicates that this area is predominantly gold.

Current—Voltage Characteristics. As mentioned in the
Materials and Methods section, the electrical -V character-
ization of the PEI-SWCNT film was performed using a
semiconductor parameter analyzer, and the result is shown in
Figure 2c. It can be noticed that the current—voltage
dependence is almost linear, which means that the film has
an Ohmic behavior.

Calibration, Sensitivity, and Specificity of the
Immunosensor for Lettuce Samples. Figure 3a presents
the electrochemical confirmation of each functionalization step
after adding the PEI-SWCNT film, antibodies, and BSA at the
bare GLE surface. It can be seen that the PEI-SWCNT film
decreases the impedance significantly, which confirms the
conductive properties and efficient electron transfer through
the deposited film. On the other hand, antibodies and BSA
block the electron transfer between the film and the redox
probe, which is confirmed as an impedance increase in the
graph. Following surface functionalization, the immunosensor
was exposed to an increased concentration of bacteria, which is
confirmed with HRSEM (Figure 3b).

The immunosensor performance was validated initially in
phosphate-buffered saline (PBS) in order to make a calibration
curve of the immunosensor’s response to increasing concen-
trations of bacteria in the PBS buffer. Figure 4a presents
Nyquist diagrams of the immunosensor’s response for the E.
coli concentration in the range 10'—10° cfu/mL. The Randles
circuit used for fitting results is presented in the inset of Figure
4b, and the R parameter is extracted for each concentration
response. The calibration curve in Figure 4b shows a linear
increase of charge-transfer resistance as a function of E. coli
concentration with excellent linear properties (R* = 0.97).
Figure 4c shows results of specificity tests with specific E. coli
and two nonspecific bacteria, B. subtilis and E. aerogenes.
Results are presented as a relative change of the signal versus
BSA-functionalized R parameters following the equation:
5(%) = 100 X [Rct(bacteria) - Rct(BSA)]/Rct(BSA)' It can be seen
that the signal for nonspecific bacteria is negligible in
comparison with that for specific E. coli.

Figure 4d presents results of the control experiment of
repeated incubations of lettuce aqueous solution at the
electrode surface. The results show that the signal after a
slight increase has a constant response, which confirms
electrode saturation with nonspecific components from lettuce
aqueous solution. On the other hand, Figure 4e shows a signal
increase for spiked E. coli bacteria in lettuce aqueous solution
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Figure 3. (a) Nyquist diagrams for functionalization steps; (b) SEM image of bacteria on the GLE-SWCNT surface at a magnification of 50,000x.
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Figure 4. (a) Nyquist diagrams for E. coli detection in PBS; (b) calibration curve of charge-transfer resistance as a function of E. coli concentration;
(c) specificity tests for nonspecific B. subtilis and E. aerogenes; (d) control measurements—repeated incubations of lettuce aqueous solution at the
immunosensor surface; (e) Nyquist diagrams for spiked E. coli in lettuce aqueous solution; (f) calibration curve of charge-transfer resistance as a

function of spiked E. coli.

samples in the concentration range 10'—10% cfu/mL, which
additionally confirms the specificity of the proposed
immunosensor. The charge-transfer parameter as a function
of E. coli concentration shows a linear increase with excellent
linear properties (R* = 0.97) (Figure 4f).

Discussion. This study presents a cost-effective and
efficient way of realizing an immunosensor for the detection
of E. coli. As was described, the working electrode of GLE was
used as a substrate for deposition of the PEI-SWCNT film,
which enables the formation of a biorecognition layer by
binding antibodies at the free carboxyl groups of SWCNTs.

The LbL assembly technique proves to be cost-effective and
versatile, demonstrating adaptability to various substrates’" and
enabling precise control over layer deposition with small
amounts of material. The detailed characterization of the PEI-
SWCNT film with Raman spectroscopy and HRSEM verified
the presence of SWCNTs and PEI in the samples.

HRSEM images further showed the formation of SWCNT
network interconnected with PEI with high surface area and
porosity, which increases the electroactive surface, important
for high electrochemical signals. Additionally, the HRSEM
image showed that the network pore size is in the range of
dozens of nm. In the case of bacteria that have size in the range

22281

of microns, the pores need to be smaller than the target in
order to avoid the sticking of nonspecific bacteria in the film
and thereby their false-positive contribution to the signal. On
the other hand, the linearity of current—voltage characteristics
confirmed the film stability and uniform electrical conductivity
without a nonlinear or complex behavior. This characteristic
enables predictable and controllable electrical responses, which
are important for sensor construction.

Electrochemical results confirmed the high sensitivity and
excellent linearity in both PBS buffer samples and complex
matrix samples. In addition, specificity tests confirmed the
excellent specificity of the proposed immunosensor with a high
signal, even for low concentrations of bacteria. This confirms
the low signal-to-noise ratio of the proposed sensor with high
reliability for detecting bacteria.

The LOD was estimated to be 1.6 cfu/mL according to the
IUPAC formula 36/d*° (where ¢ represents the standard
deviation of the blank and d is the slope of the linear
calibration curve) in the PBS buffer, while the LOD in lettuce
aqueous solution was calculated to be 15 cfu/mL. The results
show that the LOD is higher in the complex matrix, which can
also be noticed from slopes of charge-transfer resistance
(Figure 4b,f), since saturation of the surface with nonspecific
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Table 2. Comparison of the Proposed Immunosensor with Other Biosensors from the Literature for Bacterial Detection in
Leafy Vegetables
detection biorecognition detection dynamic range

sensor material and technology technique element LOD [cfu/mL] [cfu/mL] bacteria refs
e-beam deposition of Pt EIS aptamer 1S min 48 10'-10° Listeria spp. 38
GCE modified with Si@MB and DPV aptamer 30 min 2.6 10>—10" L. 39

Au NPs monocytogenes
SWCNT-modified SPE DPV bacteriophage 1 1-10* E. coli 40
PEI-SWCNT-modified GLE EIS antibody 20 min 1.6 buffer/1S real 10'-10% E. coli this

sample work

components of lettuce aqueous solution blocked some of the
active binding sites for specific bacteria. However, the
difference in the sensing performances still satisfies the
detection of infective doses of E. coli of 10? cells.*’ In addition,
the proposed solution based on the PEI-SWCNT film on the
GLE surface showed 20% lower LOD in comparison with our
previous work,'”> where the GLE immunosensor was used
without any nanomaterial modification with a bigger surface of
the working electrode (radius, 2.5 mm). Besides, the proposed
PEI-SWCNT showed a signal enhancement and therefore
better sensitivity and specificity with the signal change for
almost 100% for low concentrations of bacteria (Figure 4c),
which is 60% better than that in our previous work.

In general, electrochemical biosensors for the detection of
bacteria from lettuce or leafy vegetables are rare in the
literature. Recently proposed solutions use aptamers as a
biorecognition element for specific detection of E. coli or
Listeria, as these bacteria are commonly found in contaminated
leafy vegetables. An aptasensor is developed using platinum
electrodes fabricated using e-beam lithography for the
detection of Listeria spp. in hydroponic lettuce growth
media.®® In another recent study, glassy carbon electrodes
(GCEs) were modified with silicon, methylene blue (Si@MB),
and gold nanoparticles (Au NPs) for the detection of Listeria
monocytogenes in lettuce.”” Besides, a biorecognition element
based on a genetically engineered bacteriophage was used for
the modification of SWCNT-modified screen-printed electro-
des (SPE) and E. coli detection in spinach leaf samples.*’
However, this solution requires a pre-enrichment step, which
increases the complexity of the procedure and the detection
time. Table 2 compares all relevant parameters like LOD,
dynamic range of detection, and detection time of the
previously mentioned biosensors with the proposed PEI-
SWCNT-modified GLE immunosensor.

In comparison with other proposed solutions, the proposed
immunosensor based on GLEs modified with PEI-SWCNT
films overcomes other solutions in terms of fabrication
simplicity and price. The substrate (i.e, GLE) price is 10
times lower in comparison with other commercially available
electrodes, like SPE made by companies Metrohm,*!
PalmSens,”” etc. Although the carboxyl-functionalized
SWCNTSs can be a costly component of the sensor, for the
film preparation, only small volumes were used (in the range of
uL), which do not increase the final price significantly. The
proposed immunosensor showed a performance comparable to
those of existing solutions, exhibiting equivalent sensitivity
with respect to the LOD and dynamic range while maintaining
a similar detection time. On the other hand, the proposed
immunosensor enables direct detection of bacteria in the
sample without any labeling steps. In addition, the proposed
solution can be easily adapted for other types of bacteria with
other antibodies or any amino-modified biorecognition

elements. In conclusion, the proposed immunosensor demon-
strates superior performance in terms of fabrication simplicity
and affordability with better or equally good sensing
performance when compared to existing solutions.

B CONCLUSIONS

In this study, a cost-effective immunosensor for E. coli
detection was proposed based on a PEI-SWCNT-modified
GLE. The results of Raman spectroscopy and HRSEM
demonstrated the porous structure of the PEI-SWCNT film
with a high surface area, increasing the electroactive efficiency.
The Ohmic behavior in current—voltage characteristics
confirmed the film stability and uniform electrical conductivity,
while electrochemical results showed high sensitivity and
specificity, with LODs of 1.6 cfu/mL in PBS buffer and 15 cfu/
mL in lettuce aqueous solution. The proposed immunosensor
showed an enhanced signal even for low concentrations of
bacteria by using SWCNTSs’ conductive properties while at the
same time having a suitable price, making it a good candidate
for highly sensitive detection without the need for pre-
enrichment steps; its adaptability to different biorecognition
elements further enhances its versatility, offering an efficient
and economical solution for bacterial detection in leafy
vegetables.
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