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Electrochemical Detection of Uropathogenic Escherichia coli
Using Polyvinylalcohol/r-Graphene Oxide/Polyethylenimine
Modified Nanocomposite Electrode

P. Parthasarathy

Abstract

Detecting microorganisms quickly and selectively is extremely important in clinical analysis and in monitoring the quality of
food and water. This study details the development of a biosensor that uses electrochemical methods to selectively detect
uropathogenic Escherichia coli (E. coli) bacteria in both aqueous and serum samples. The biosensor is developed using a
simple and cost-effective method involving reduced graphene oxide (r-GO) with PVA (Polyvinylalcohol) and PEl
(Polyethylenimine) through a Sol-Gel spin coating process. The numerous NH, groups on the PVA and PEIl are used to
functionalize the biosensor's surface. To increase the specificity of the detection process, amide bonds are formed on the
electrode surface using anti-fimbrial E. coli antibodies. The redox mediator prevents the formation of immunological complex
and it enhances the transmission of electrons from the developed PVA/rGO/PEl-modified layer to detect E. coli. The
development of an electrochemical test for E. coli illustrates the efficacy of these biosensors. Using only 5 uL of sample, it is
discovered that these biosensors have a broad dynamic range (915-2.5x107 CFU/mL) and low limits of detection (285 CFU/mL).
Moreover, the biosensor performs well in aqueous, serum, and urine media, making it potentially useful for the clinical
diagnosis of pathogenic diseases. This study highlights the potential of these biosensors for real-world, point-of-care
applications.
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1. Introduction

The most common bacterial infectious disease in humans is
urinary tract infection (UTI), and Escherichia coli (E. coli) is
the most frequent pathogen, causing 30-50% of UTIs acquired
in hospitals and 80-90% of UTIs obtained in the community.
It is vital to identify distinct bacterial strains and recognise
pathogenic E. coli at extraordinarily low concentrations
because they emit virulence factors that may cause illness in
the host tissues. Culture-based methods used in conventional
methods for identifying and detecting bacteria are labour-
intensive, complicated, and inappropriate for on-site
monitoring.[* They also require a microbiology laboratory and
are labour-intensive. Hence, there is a critical need for quick,
efficient, selective, and highly sensitive bacterial detection,
and biosensors are essential in achieving these goals.
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Graphene-based sensors, particularly graphene-based field
effect transistors, enable pathogen detection (GFETSs). The
promise of biosensors for real-world applications has been
shown in a number of studies using anti-E. coli antibody-
modified CVD graphene or thermally-reduced graphene oxide
sheets (rGO) for the sensitive and selective detection of E. coli
with low limits of detection.>4 Under ideal conditions, Chen
etal. were able to detect E. coli O157:H7 with a detection limit
of 803 CFU mL™* using holey rGO functionalized with
Magainin | as the transducer element in a GFET. For the quick
and precise detection of infections, an affordable, easy-to-use,
and portable electrochemical detection approach by
impedimetric methods is very alluring. In addition,
voltammetric and amperometric immunoassays are often used
as label-free methods for detecting pathogens. Ahmed et al.
developed an antibody-based immunological sensor with a
linear response of 102-105 cells to identify S. pyogenes in
human saliva. Graphene nanostructures have been used in
electrochemical sensors to increase their sensitivity.s! Recent
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work has focused on creating electrochemical immunosensors
for the detection of dangerous microbes using graphene
composite electrodes (a schematic of the same is depicted in
Fig. 1). The illustration below!® shows how bio-functionalized
rGO nanocomposite electrochemical biosensors are used to
find foodborne harmful microorganisms. Panel A shows the
various kinds of biomolecules that have been converted into
rGO nanocomposites, whereas Panel B presents several
electrochemical biosensors that have been employed to detect
foodborne harmful bacteria.["]

In comparison to other sensing methods, electrochemical
biosensors provide a number of benefits, such as low cost,
high sensitivity, and quantitative output. Due to its high
surface area, variety of functions, and biocompatibility,
graphene-based electrodes hold considerable potential for the
development of sensitive electrochemical sensors for
applications in healthcare, food safety, and environmental
monitoring. However, there are drawbacks to the conventional
approaches for manufacturing low-defect graphene by
physical exfoliation or chemical vapour deposition (CVD),
such as the need for costly or hazardous solvents and time-
consuming transfer operations.[*1 A potential solution to
these problems in the fabrication of graphene electrodes is to
use functionalized graphene, such as graphene oxide (GO).
Nevertheless, GO cannot be employed in electrical equipment
due to its low electrical conductivity. Reduced graphene oxide
(rGO), which has a high electron transfer rate, strong electrical
conductivity, and enough oxygen groups for future
functionalization, provides a solution to this problem.
Chemical, thermal, and electrochemical processes for
converting GO to rGO have all been investigated. These
methods have been used to produce graphene electrodes with
various surface compositions and defect concentrations.i
Making laser-induced graphene (LIG) electrodes is one way
to pattern graphene. This method allows for the simultaneous
reduction and patterning of GO or the production of graphene
and is simple, effective, inexpensive, chemical-free, and
mask-free. The Kaner group has already produced LIG
electrodes for under $20 using the LightScribe DVD driver.

Nucleic acid
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Al

Other biomolecules

Foodborne pathogenic

\  bacteria detection /

Although polyimide substrates are frequently utilized in the
industry, research has also been done on substitute materials
such as other polymers, carbon, and natural materials.[*23
Nevertheless, there is no evidence that biosensors have been
produced using electrodes made by laser-induced reduction of
GO. Instead, there have been papers on the production of
electrodes and the development of biosensors using electrodes
made by laser-scribing polyimide sheets. The in-situ reduction
method places GO and rGO in the same plane, which poses
two significant difficulties for the creation of this kind of
biosensor. Moreover, LIG is easily fractured and brittle. A
method for transferring LIG from polyethene terephthalate
was developed by the Nam group, however, it can only be used
on substrates that don't absorb the excitation laser.[t34

In this paper, we described the production of reduced
graphene oxide electrodes in an effort to simplify and scale up
the process. We also demonstrate improved graphene oxide
biosensing abilities using polyvinyl Alcohol (PVA) and
polyethylenimine (PEI).*®! The created sol-gel nanocomposite
was spin-coated with ITO coatings onto glass substrates. A
nanocomposite electrode-based biosensor that has been
created as a proof-of-concept can be utilized to identify E. coli
using an electrochemical ELISA and Chronoamperometry.
The sensor was examined using a portable commercial
Potentiostat and tested in both phosphate-buffered saline (PBS)
and artificial urine (AU), demonstrating its potential for point-
of-care applications.

2. Experimental

2.1 Materials

The 10 mg/mL concentration GO water dispersion was bought
from Sigma Aldrich. Kesari Scientific Chemicals provided
tryptic soy agar, Tween 20, and phosphate-buffered saline
tablets. To create a buffer solution with a pH of 7.4 and a
concentration of 10 mM, PBS tablets were dissolved in
ultrapure water. Moreover, a (phosphate-buffered saline with
Tween 20) PBST buffer solution containing 10 mM PBS and
0.05 wt% Tween 20 was created.'5-181 Sigma Aldrich provided
the polyclonal anti-E. coli antibody (PA1-7213) and Alfa

Carbon electrode

4. Other biomo]e?

3. Peptide

Fig. 1 The figure illustrates the use of bio-functionalized rGO nanocomposite electrochemical biosensors for the detection of

foodborne pathogenic bacteria.
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Aesar provided the antibodies that were HRP-labelled
(ab20425). E. coli was purchased in Bombay from ICT (E. coli,
CECT 4972).

2.2 Electrode preparation

In this study, a combination of graphene oxide (1 mg/mL),
Polyethylenimine (1 mg/mL), and polyvinyl alcohol
(GO/PEI/PVA) was stirred for 32 hours at room temperature
to create an aqueous dispersion. Reduced graphene
oxide/Polyethylenimine/ovalbumin  (rGO/PEI/OVA) was
added to the thin film electrode using a spin-coating technique
and an aqueous solution. The resulting electrode was used as
a working electrode for the electrochemical analysis of E. coli.
After being deposited, the electrode surface was washed with
Milli-Q water and dried by air.

2.3 Anti-fimbrial E. coli antibody immobilisation on a
PVA/rGO/PEG electrode

The electrode was converted into an active electrode by
immersing the produced nanocomposite electrode for 4 hours
at room temperature in a solution of 1-pyrene butanoic acid
succinimidyl ester. The electrode was washed with four
rounds of ultrapure water after being turned on, then twice
with IPA. The capture antibody (cAb, 15 g/mL in 10 mM PBS)
was immobilized by being exposed to 5 L of the solution on
the working electrode (WE) for an overnight duration at 4 <C.
For the purpose of stopping any unreacted PBASE, 4 L of
ethylamine, 0.1 M in PBS, was injected into the WE. In order
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to prevent general fouling under challenging circumstances,
the WE was then treated with bovine serum albumin (BSA, 5
L, 5% in PBS) for 1 hour at 37 <C. The electrode was cleaned
twice in PBS and twice in PBS with Tween 20 in between each
stage (PBST). These procedures were all completed in a
humidity chamber. The procedure comprises employing 1-
ethyl-3- (3-dimethylaminopropyl) carbodiimide (EDC)/N-
hydroxysuccinimide (NHS) crosslinking chemicals to
cationically bond anti-fimbrial E. coli antibodies to a
PVA/rGO/PEI functionalized gold interface. The NH; groups
of PEI and the COOH functions of the antibody had chemical
interactions. The gold interface was first coated with
PVA/rGO/PEI and then agitated for 2 hours at 4 <T in an
aqueous solution of the antibody, 1-ethyl-3- (3-
dimethylaminopropyl) carbodiimide hydrochloride
(EDCHCI), and NHS. PBS was used to rinse the surface to
eliminate any remaining antibodies and unreacted components.
After that, it was kept at 4<C in a PBS buffer until it was
needed.?

3. Result and discussion

3.1 Characterization

Cu Ka (4 = 1.54 A) radiation was used with a Bruker D8
Advance X-ray diffractometer to produce the XRD patterns.
The findings demonstrated that the typical XRD diffraction
peak of pure GO is seen at 26 = 10.5° in Fig. 2(a, b, and c),
indicating a layer separation of approximately 0.84 nm. The

(b)
)
o=
2]
=
&
= PEI-GO-3.3
—

GO
J Graphite
P
1 1 1 1

10 20 30

20 (degree)

40 50

P
VA(IoI)

Anatase
(101) ,Rutile

Intensity (a.u)

LaaaPua T

v Vo

n NllO)l PVA-Mixed phase -
Rutile

©

Pure PVA

PVA-Rutile
 _—— | S

Anatase

(101) PVA-Anatas
A J b J b \J

S B LB

10 20 30 40

50 60 70

26 (degree)

Fig. 2 a) XRD patterns of GO and r-GO, b) XRD patterns of PEI-coated GO and graphite, c) XRD patterns of pure PVA and mixed

forms of PVA in three different structures.
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XRD diffraction peak for PVVA is observed at 26=20.5°.1231 It's
interesting to note that the rGO/PVA film's XRD pattern only
displays one peak at 26 = 20.5°, demonstrating that GO has
been evenly distributed throughout the PVA matrix and that
rGO could not be restacked during the reduction process. The
crystalline structure of PVA was somewhat altered by the
insertion of rGO.

The surface's morphology was examined using the thermal
field emission emitter-equipped electron microscope ULTRA
55 (Zeiss, France) and a high-efficiency In-lens SE detector
(Fig. 3). Using Zeiss Compact Merlin equipment and a high
vacuum of 2 kV, pathogen SEM images were captured. The
biological samples were coated with a 5 nm-thick ITO-
covered glass substrate and treated with a 1% glutaraldehyde
solution for 30 min at room temperature in the dark prior to
imaging. The photos also showed how optically homogenous
the ball-shaped PVA/rGO/PVA films were.

3.2 ELISA bacterial detection

A 50-well ELISA plate was used to conduct the ELISA test.
The captured antibody was first applied, and it was then
incubated at 5<C overnight. After that, BSA was added to stop
nonspecific fouling of the wells, then bacterial samples were
added and the wells were incubated for 2 hours at room
temperature. Between each stage, PBST was applied three
times to the wells. Following the addition of HRP-labelled
detection antibodies, the sample was incubated for 2 hours at
room temperature before being washed 10 times with PBST.
The TMB substrate solution was then added and allowed to sit
at room temperature for 20 minutes. A microplate reader was
used to measure each well's absorbance at 550 nm after adding
5 M of H2SO: to stop the reaction.

3.3 Electrochemical bacterial detection

Using cyclic voltammetry (CV) and differential pulse
voltammetry, the electrochemical characteristics of the
developed electrodes were assessed (DPV). The CV and DPV
were measured using a cordless portable Potentiostat. An

Ag/AgCI reference electrode, a counter electrode, and a
working electrode built of a newly developed nanocomposite
were used in a typical three-electrode system to test the
electrodes (coated over ITO glass slides). Differential pulse
voltammetric recordings were made under simulated
conditions with a modulation duration of 1 s, an interval time
of 1 s, a step potential of 10 mV, and a modulation amplitude
of 80 mV. After 35 minutes, the bacteria were discovered after
6 L of the solution containing the bacteria had been pipetted
into the working electrode. The electrode was then cleaned
four times with PBS and four times with PBST. Pipetting the
detection antibody solution (dAb, ab20425, 2 g/mL) onto an
electrode and letting it sit for 40 minutes were both successful.
After then, the electrode was rinsed five times with PBS and
twice with PBST. The chronoamperometric sensing technique
was then started after adding the 60 L of TMB ELISA solution.
Chronoamperometry (CA) was carried out using the
PalmSens4 and an internal wireless Potentiostat developed in
accordance with some referencesi2#23 at +0.225 V against the
onboard Ag/AgCI reference electrode.

At varied bacterial concentrations, the PVA/rGO/PEG-
anti-fimbrial electrode's sensitivity for detecting E. coli UT189
was assessed. After the electrode is exposed to E. coli UTI89
for 30 minutes, the [Fe (CN)g]s redox probe's DPV peak
current is decreased, as shown in Fig. 4a. The variation in
current is linearly proportional to the number of UTI89 cells.
A calibration curve (Fig. 4b) is generated by monitoring the
variability in peak current as a function of pathogen
concentration. The linear range of 1100%<10* to 10* cfu mL™!
and the 96% confidence level indicate that the detection limit
for UTI89 is less than 10 cfu mL. The technology exhibits its
capacity to convert the link between the pathogen and
antibody biorecognition into numerical signals. The study
examines the dependability and capability of the proposed
sensor to identify E. coli UTI89 in genuine samples, including
human blood and urine spiked with various concentrations of
the bacteria. When the electrochemical signals from the
experiment are compared to those from PBS, a similar pattern
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Fig. 3 SEM image of PVA/r-GO/PEI nanocomposite electrode.
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Fig. 4 a) DPV plot for oxidative current change, b) E. coli UTI89 calibration curve in relation to the solutions, c) Signal generated in
spiking serum, d) Spiked urine produced at an electrochemical analysis.

of diminishing current with rising bacterial concentration
could be seen. The electrochemical signal generated by spiked
serum and urine is shown in Figs. 4c and 4d, and Fig. 4b
compares the current responses in PBS and spiked human
serum and urine. By analysing serum samples contaminated
with S. aureus, the sensor's sensitivity for detecting E. coli
UTI89 in complicated media was tested.

The lack of any alteration in the electrochemical signal, as
shown in Fig. 5, demonstrates the sensor's strong sensitivity
to E. coli UTI89. The sensor's ability to precisely detect E.
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Fig. 5 Anti-fimbrial modified electrode's sensitivity to E. coli.

© Engineered Science Publisher LLC 2023

coli UTI89 in real samples is further tested using human serum
samples spiked with both E. coli UTI89 and S. aureus. The
results show that E. coli UTI89's observed current response is
unaffected by S. aureus's absence.

The produced sensors' stability is evaluated under a number of
different storage scenarios, and it is discovered that they are
largely stable for 30 days and that the storage temperature has
no impact on the sensor stability. The performance of the
sensors is further assessed using synthetic urine that had been
spiked, and the recovery rates found suggest that there is a
chance the technology will be used in matrices that are
encountered in the real world.

4. Conclusion and future work

In this study, we have developed a scalable, low-cost method
for fabricating PVA/r-GO/PEI-based electrodes on ITO-
coated glass substrates. The electrodes' biosensing abilities are
demonstrated by their capacity to identify E. coli in synthetic
urine and PBS. With a LOD of 285 CFU/mL, our proof-of-
concept sensing tool could detect E. coli in human urine at 915
to 2.5%1077 CFU/mL concentrations. We believe the platform
may recognize other germs or symptoms by simply changing
the antibodies. Transferring these graphene-based sensors
onto different substrates for use in other sensing applications,
such as wearable sensing, would be exciting. A preliminary
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study suggests that these nanocomposite films may be used on
a variety of other substrates. It is so tiny that it could be turned
into a microelectrode utilising our technology. Future research
will concentrate on enhancing printing and stamping onto
other surfaces for various applications as well as leveraging
this method to create microelectrode arrays.
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