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Abstract: The present study focuses on the electrochemical sensing of amoxicillin (AMX, as a model
antibiotic drug) and its interaction with Uropathogenic E. coli (UPEC) bacteria (as a model pathogen)
under physiological conditions. The electrochemical sensor probe is formulated by nanostructured
gold wires (AuNWs) embedded in a carbon nanofiber—chitosan (CNF-CHIT) matrix. The synthesis of
AuNWs is characterized by scanning electron microscopy (SEM), UV-Visible spectrophotometry, and
X-ray photoelectron spectroscopy (XPS). The CNF-CHIT/ AuNW-modified system is characterized by
SEM and XPS. Initially, the CNF-CHIT/ AuNW electrode was utilized for the sensing of AMX; later, in
the antibiotic drug-assisted sensing of UPEC, i.e., in the presence of AMX, the interaction of UPEC was
studied. The modified electrode showed appreciable sensitivity for AMX sensing; also, the interaction
of AMX with UPEC is studied at two different conditions. One, at a fixed concentration of AMX
(100 uM) and different concentrations of UPEC bacteria (0.6-1.2 x 10 CFU/mL), and another with
incubation time (1 h—1 h 35 min) for bacterial reaction. The electrochemical antimicrobial resistance
developed by UPEC, which is inherent in the sensing of AMX, is the key concept for the detection
of pathogens.

Keywords: urinary tract infection; gold nanostructures; amoxicillin; uropathogenic E. coli;
electrochemical sensor

1. Introduction

Urinary tract infection (UTI) is the most commonly occurring infectious disease, yet
it is not considered to be a serious condition. The fatality related to this condition is not
as high as other fatal diseases but highly affects one’s quality of life in different ways.
It affects almost 50% of the population [1], leading to an increased risk of bacteremia
and septicemia. In a study with 500 patients, it was found that 76.80% reported having
complicated UTIs, while 88.20% reported having community-acquired UTlIs. It was also
found that 8.40% accounted for catheter-related infections. From the study, it was evident
that the most common infection-causing bacteria in the case of UTI was Escherichia coli,
with an occurrence of 57.03% in complicated and 55.17% in uncomplicated UTIs [2—4].
The bacterial infection causes pyelonephritis, cystitis, urethritis leading to renal failure,
tumors in the urinary tract, bacteremia (in the bloodstream), and septicemia (inflammatory
response), which becomes a fatal condition for the female population [5]. This frequently
occurring bacterial infection is reported to cause 150 million cases per year. Furthermore,
50-60% of women are estimated to be infected at least once in their lifetimes [6,7]. Even
though this infectious condition is not considered to be serious and fatal, not treating it at
the right time leads to a troubled lifestyle, leading to increased possibilities of fatality.

The conventional diagnostic method includes urine culture and dipstick urina-
lysis [8,9]. Dipstick analysis takes 1-2 min, but the accuracy is highly compromised.
In this method, the presence of leukocyte esterase and nitrates are estimated. A urine
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culture is performed to culture the sample infected with bacterial strains. In this case, the
specificity and accuracy are high, wherein the bacterial species causing the infection can be
identified. Even though these methods are sensitive and selective, they require complex
steps, skilled personnel, and time-consuming analysis (~48-72 h), which are not suitable
for point-of-care diagnosis. The electrochemical detection method seems to be a convincing
factor, with the ease of fabrication of electrodes and point-of-care devices [10,11]. Recently,
a series of electrochemical immune/biosensors based on DNA [12-14], antibodies [15-17],
aptamers [18-21], antimicrobial peptides [22], lectin [23], carbohydrates [24], and bacterio-
phages [25] for the detection of E. coli bacteria have been studied by using differential pulse
voltammetry (DPV) [12,13,17,18], electrochemical impedance spectroscopy (EIS) [15,16,19-25],
amperometry [14], and quartz crystal microbalance [26]. However, the lifetime of DNA or
antibodies in harsh conditions and their stability issues limit the practical application of
these biosensors.

Nanomaterials are the leading cutting-edge research for the rapid development
of point-of-care (POC) diagnostic tools due to their unique size-dependent properties,
which make these materials superior and crucial in improving the patient’s quality of
life [27-29]. In particular, the use of gold nanoparticles is commonly exploited in biosensing
applications due to their improved conductivity, biocompatibility, comparatively low toxic-
ity, and improved analytical signal-to-noise ratio [22,30-33]. Antibiotics are also known as
antibacterial agents, which are commonly used for the prevention and treatment of bacterial
infections [34-38]. One of the frequently used antibiotics is amoxicillin trihydrate (AMX)
for humans. The chemical structure of AMX is a form of 3-lactam ring, which is purely
responsible for the antibacterial, pharmacological, and chemical activities [34-38]. Recently,
carbon nanomaterials and metal nanoparticle-modified carbon material-based electrochem-
ical sensors and optical sensors for AMX have been extensively reviewed [34,36]. However,
acute exposure to these antibiotics leaves residuals in the human body that can further
increase resistant micro-organisms and antibiotic resistance. Thereby, the detection of AMX
or residual AMX is important to understand the bacterial reaction, for instance, in one-step
bulk construction of gold nanoparticles on multiwalled carbon nanotubes using electroless
deposition for the electrochemical sensing of AMX in bovine milk samples [37]. Likewise,
gold nanoparticle-modified mesoporous carbon nanomaterials have been used for the
detection of AMX in mineral water and environmental water samples [38].

Among various carbon nanomaterials, carbon nanofibers (CNF) have the unique prop-
erty of excellent conductivity, and its matrices with chitosan (CHIT) would make the hybrid
composites more stable even in hydrodynamic conditions [31]. Likewise, gold nanostruc-
tures in hybrid with CHIT are highly stable for various electrocatalytic systems [31,32].
In this work, the interaction of amoxicillin (AMX, antibiotic drug) with Uropathogenic
E. coli (UPEC) bacteria is monitored electrochemically for the first time. Nanostructured
gold wires (AuNWSs) are synthesized by using a chemical reduction method in which
the morphology is controlled by appropriate gold nano seed and growth solutions in a
suitable environment. The electrochemical antimicrobial resistance developed by UPEC on
AMX sensing is taken as the key concept for the detection of pathogens by using a nanos-
tructured gold wire (AuNW)-modified carbon nanofiber—chitosan (CNF-CHIT) matrix
(Scheme 1). The synthesized AuNWs are characterized by scanning electron microscopy
(SEM), UV-Visible spectrophotometry, and X-ray photoelectron spectroscopy (XPS). The
CNF-CHIT/AuNW-modified system is also characterized by SEM and XPS to confirm the
stability of the AuUNWs.
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Scheme 1. Cartoon for the CNF-CHIT/AuNW nanostructures toward the electrochemical sensing of
AMX and AMX-assisted UPEC bacteria.

2. Materials and Methods
2.1. Materials

All the chemicals, such as gold (III) chloride trihydrate (HAuCly-3H0O), sodium citrate,
sodium borohydride (NaBHy), ascorbic acid, and amoxicillin trihydrate (AMX) antibiotic
drug, were purchased from Sigma-Aldrich, St. Louis, MO, USA and Sisco Research Lab-
oratories (SRL, Mumbeai, India). Uropathogenic E. coli (UPEC) solution was purchased
from SPECIALTY LAB & RESEARCH, Thanjavur, India, and stored in refrigerator at 4 °C.
Bacteria chosen had inherent resistance towards amoxicillin, and the susceptibility was
tested before purchase.

2.2. Instrumentations

The as-prepared AuNWs were characterized by scanning electron microscopy (TES-
CAN VEGAS3, SEM), UV-Visible spectrophotometry (Perkin Elmer Lambda 35 UV-Visible
Spectrometer), and X-ray photoelectron spectroscopy (Thermo scientific K-Alpha, XPS,
Waltham, MA, USA). The electrochemical experiments were performed in electrochem-
ical workstation (CHI600, CH instrument, Bee Cave, TX, USA) equipped with corres-
ponding software.

2.3. Synthesis of Gold Nanowires

Gold nanowires (AuNWs) were synthesized using bottom-up approach by adopting
the seeing method and appropriate aspect ratio-based growth solution (Figure 1a). Briefly,
the seed solution was prepared by adding 0.2 mL of HAuCly-3H,O (0.25 mM) to 19.8 mL
of sodium citrate (0.25 mM) followed by dropwise addition of 1 mL NaBHj (0.1 M) to
obtain a pink-colored solution. The growth solution was synthesized by mixture of 5 mL
of HAuCly-3H,0 (0.25 mM) with 5 mL of 0.1 M of CTAB, and 0.1 M of ascorbic acid was
added dropwise to the solution until the color changed. Then, the size-controlled AuNWs
were prepared by dropwise addition of seed solution (1 mL) to the 5 mL of stock solution
until obtaining stable pink-colored solution.
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Figure 1. Schematic representation of the AuNW synthesis (a) along with characterizations: SEM
images (b,c), UV-Visible spectroscopy (d), and XPS (e) analysis.

2.4. Electrochemical Experiments

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed
in the conventional three-electrode cell. Glassy carbon electrode was used as working
electrode, Ag/AgCl as the reference electrode, and a platinum wire as the counter electrode.
The pH 7 phosphate-buffered solution (0.1 M PBS) was used as supporting electrolyte. For
the preparation of GCE/CNF-CHIT/ AuNW-modified electrode, the cleaned GCE surface
was functionalized using a composite mixture containing 400 uL. of CNF-CHIT (50 mg of
CNF in 400 pL of 5% chitosan) solution and 100 pL of the as-prepared AuNW solution.
The whole mixture was shaken and mixed thoroughly, and then 5 pL of the final mixed
composite solution was drop-casted onto the clean GCE surface and kept for drying at room
temperature for 15 min. The as-obtained bacterial solution was added directly without
dilution to the antibiotic-containing PB solution (10 mL) for their evaluation by DPV.

3. Results
3.1. Physicochemical Characterizations

The structural morphology was examined by SEM analysis (Figure 1b,c). The SEM
images of the as-prepared AuNWSs showed the long stretched wire-like structures of gold
under different magnifications. It was further supported by UV-Visible analysis over
the range of 200-800 nm (Figure 1d). The UV-Visible spectra of the gold seed solution
and as-prepared AuNWs showed peaks at 530 nm and 528 nm, respectively [30,31]. The
slight shift (~2 nm) in the observed peak indicates the formation of nanostructured gold
particles with morphological changes. The presence of pure metallic gold nanostructures is
confirmed by XPS studies (Figure le). As seen in the XPS spectra, the binding energies of
the Au 4f;,, and Au 4f5,, peaks are clearly observed at 88.6 eV and 86.7 eV, and 84.6 eV
and 82.9 eV, respectively, which corresponds to the pure metallic gold nanostructures [31].
The overall characterization studies confirm the formation of nanostructured gold wires is
achieved successfully.

Further, the as-prepared AuNWs are mixed with CNF-CHIT matrices to improve the con-
ductivity and stabilization of AuNWs for electrochemical sensing of AMX. The prepared mixture
solution is also characterized by SEM analysis. The SEM images of the CNF-CHIT/ AuNW
mixture with two different magnifications are shown in Figure 2a,b. It is noticed that the
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AuNWs are dispersed randomly on the CNF-CHIT matrix, which helps to retain the nature
as well as the activities of each component. Furthermore, the core energy level XPS spectra of
Au 4f, C1s, N 1s, and O 1s of the CNF-CHIT/AuNWs system are displayed in Figure 2c—.
The observed binding energies of the Au 4f;/, and Au 4f5, peaks at 89.1 eV and 87.1 eV, and
84.9 eV and 83.3 eV indicate the existence of metallic gold nanostructures [28]. The shift in the
binding energies represents the interaction and stabilization of AuNWs within the CNF-CHIT
matrices. The binding energies of C 1s are observed at 286.5 eV, 285.1 eV, and 283.3 eV, related
to the O-C=0, C-OH/C-O-C, and C-C functional groups [28]. Likewise, the binding energies
of the N 1s at 402.4 eV and 399.6 eV represent N-H and N-C < functionalities, while the O
1s at 533.6 eV, 532.8 eV, and 532.0 eV corresponds to the N-C=0, O=C=0, and C-OH/C-O-C
functional groups present in the CNF-CHIT matrices [31]. From the SEM and XPS analysis, the
as-synthesized AuNWs are well mixed and stabilized by CNF-CHIT functionalities purely in
the presence of COOH and NH, functional groups. Furthermore, the CNF-CHIT/AuNWs are
utilized for the electrochemical sensing of AMX and evaluating the antibacterial activities of
UPEC bacteria.
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Figure 2. SEM images (a,b) and core energy level XPS spectra of Au 4f (c), C 1s (d), N 1s (e), and O 1s
(f) of the CNF-CHIT/AuNWs system.

3.2. Electrochemical Sensing of AMX on GCE/CNF-CHIT/AuNWs

The electrochemical sensing of the AMX drug is studied by using CV and DPV
techniques in pH 7 PBS (Figure 3). In order to understand the stability of the GCE/CN-
F-CHIT/ AuNW-modified electrode, a continuous CV experiment was performed in blank
pH 7 PBS at a scan rate of 50 mV s~ ! in 0 to 1 V potential window (Figure 3a). Furthermore,
the CV experiments are performed on the GCE/CNF-CHIT/AuNW-modified electrode
in the presence and absence of amoxicillin (500 uM AMX) at a scan rate of 10 mV s lin
the 0 to 1 V potential window (Figure 3b). The modified electrode showed an oxidation
peak at 0.65 V vs. Ag/AgCl in the presence of the AMX drug. This observation confirms
the electrochemical sensing of AMX in neutral pH conditions. Figure 3c represents the
effect of various scan rates from 10 to 100 mV s~ ! in the AMX solution resulting in the
increasing current values (I) with respect to scan rates (v). The double logarithmic plot of
log I vs. Log v showed good linearity (inset of Figure 3c). Furthermore, DPV experiments
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on AMX sensing were performed under the same conditions. As seen in Figure 3d, the
DPV current responses on the GCE/CNF-CHIT/AuNW electrode showed a linear increase
with respect to the increase in the concentration of AMX. The concentration range of
AMX is 25-600 uM. From the current values vs. concentration, a linear calibration plot
was drawn (Figure 3e). The obtained calibration plot for AMX looks linear with a good
regression value. There are two linear ranges, and the one from 25 to 325 uM is considered,
probably due to the fact that it has a higher sensitivity. The calculated sensitivity value is
13.27 nA uM L. This observation reveals that the present CNF-CHIT/AuNWs is a model
system for the electrochemical sensing of AMX. Once the system is working for a good
linear range of AMX, it was preceded for further experiment. Figure 3f represents the
possible electrochemical oxidation of AMX on the present CNF-CHIT/ AuNW-modified
electrode. From this conclusion, the UPEC bacterial reaction is preceded by monitoring the
interaction of bacteria with AMX at a fixed concentration.
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Figure 3. Continuous CV responses of GCE/CNF-CHIT/AuNWs in blank pH 7 PBS at a scan rate
of 50 mV s~ (a). CV responses of the stabilized modified electrode in the presence and absence
of AMX (500 uM) at a scan rate of 10 mV s~ ! (b) and effect of various CV scan rates along with
double logarithmic plot (c) in pH 7 PBS. DPV responses of AMX in the range of 25-600 uM (d) along
with the calibration plot (e). Possible mechanism for the electrochemical oxidation of AMX on the
AuNW-modified electrode (f).

3.3. Electrochemical Evaluation of Antibacterial Activity

The bacterial species used in the experiment had inherent resistance to antibiotics [39]. The
bacteria render the antibiotic ineffective by several mechanisms, and one of them is enzymatic
activation, wherein the 3-lactamase enzyme is released, which cleaves the 3-lactam ring in the
antibiotic [39,40]. The bacterial cell wall has peptidoglycans that give integrity to the cell and is
maintained by two main enzymes: transglycosylase and transpeptidase. These enzymes help
in cross-linking the peptidoglycan layers. The antibiotics containing (3-lactam interfere with
cell wall synthesis, which ultimately results in lysis of the cell. Penicillin derivative antibiotic is
an analog of the D-alanyl-D-alanine dipeptide of peptidoglycan, which acts as a substrate for
transpeptidase. The cross-linking of the peptidoglycans is inhibited by preventing the transpep-
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tidase enzyme catalyzes. Thereby, it reduces the mechanical strength of the bacterial cell and
hinders the cell wall synthesis process. In response to the stress, a few bacterial species release
[3-lactamase, which is an enzyme that recognizes the 3-lactam ring present in the antibiotics and
hydrolyzes the peptide bond present in the ring. Once the ring is open, the antibiotic becomes
ineffective, and the bacterial species thrives. By taking advantage of this principle, the present
work is designed for the evaluation of drug interaction on bacteria by electrochemical sensing
of AMX.

The electrochemical evaluation of the antibacterial activity of the AMX antibiotic
drug is shown, with respect to Uropathogenic E. coli (UPEC) bacteria, by the interaction
of the drug with UPEC and the resistance developed by the bacteria towards the AMX
antibiotic drug (Figure 4). The as-obtained bacterial solution was added directly in a
specified quantity to the antibiotic solution, and the corresponding electrochemical activity
was studied by DPV. At a fixed concentration of AMX (100 uM), different concentrations
(0.6-1.2 x 10° CFU/mL) and different incubation times (1 h-1 h 35 min) were analyzed
for bacterial reactions (Figure 4a,b). Prior to the bacterial reaction, the DPV experiment
was performed for 100 pM AMX in 0.1 M PBS. After the addition of bacterial solution, the
whole setup was left undisturbed for 1 h for incubation at room temperature in PBS, and
then DPV was recorded. As seen in Figure 4a, the current response for the AMX decreased
incrementally, and a prominent peak shift is also observed with different concentrations
of bacterial solution. The potential peak shift may possibly be due to the immediate
reaction of AMX with UPEC, whereas the incremental decrease in the current response
is purely due to the interaction between them. Similarly, the effect of incubation time
for the bacterial reaction was also studied under the same conditions (Figure 4b). It is
observed that the increase in the incubation time leads to a further decrement in the AMX
sensing current. This observation confirms the interaction of bacteria with the drug is still
possible with respect to the changes in the peak potential followed by the decrease in the
current responses. Figure 4c,d display the respective bar diagrams for the results obtained
in the different concentrations of bacteria and the incubation time for the bacterial reaction
with respect to the baseline corrected current values. The percentage value represents the
decremental current values of the antibacterial reaction with respect to the AMX current
value. As seen in the bar diagrams, the known concentration of AMX showed a constant
current, which decreased gradually upon the addition of bacterial solution in terms of
concentration and incubation time. Table 1 represents the summarized information about
the versatile electrochemical sensing probes for the detection of the pathogen. From Table 1,
we can conclude that the electrochemical sensing of pathogens was mainly demonstrated
by DNA, antibody, aptamer, and peptide-based systems, unlike the antibacterial drug
interaction-based detection system.

Table 1. Various electrochemical methodologies for sensing E. coli bacteria.

S.No Pathogen Electrode Modification Methodology Technique Ref
. . Au/Thiol-modified .
1 E. coli O157:H7 methylene blue/ ferrocene/DNA DNA-based sensing DPV [12]
. Au/AuNP/3-mercaptopropyl- E .
2 E. coli trimethoxysilane/DNA DNA-based sensing DPV [13]
Au/biotin-modified capture probe/horseradish
3 E. coli UTI peroxidase (HRP)-conjugated anti-fluorescein DNA-based sensing Amp i-t [14]
antibody /RNA
4 E coli Gol.d—TungsteIT /Streptavidin/Biotinylated Antibody-based sensing  EIS [15]
anti-b-galactosidase
5 E.coli O157:H7  Indium-Tin oxide/EDC-NHS/ Anti-E. coli Antibody-based sensing ~ EIS [16]
. . SPCE/ Fe203— . . .
6 E. coli O157:H7 Polyaniline/ Antibody/AuNP/Antibody Antibody-based sensing DPV [17]
7 E. coli Au/Antibody/BSA/E. coli/ Aptamer—primer probe Aptamer-mediated D)% [18]

sensing
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Table 1. Cont.
S.No Pathogen Electrode Modification Methodology Technique Ref
) . 3D-interdigitated electrode/mercaptosilane/E. coli Aptamer-mediated
8 E. coli O157:H7 specific 5'disulfide-modified DNA aptamer sensing EIS [19]
9 E. coli O157-H7 Graphene—mtrocelljulose/ Thiolated 64-mer Apta.mer—medlated FIS [20]
RNAaptamer/Antigen sensing
10 E. coli SPE/Bridged Rebar Graphene/ Aptamer-mediated EIS [21]
078:K80:H11 Anti-E. coli aptamer sensing
) . Au/LipoicacidNHS/Ferrocene/ Antimicrobial
1 E. coli O157:H7 Antimicrobial peptides peptide-based sensing EIS [22]
. Au/11-mercapto-1-undecanoic acid / . .
12 E. coli dithiothreitol /Concanavalin A Lectin-based sensing EIS [23]
13 E coli K12 GCE/ l.’olyethylemmme—CNT/ Bact.erlophage-based EIS [24]
Bacteriophage sensing
Au/3-((2, 5-dimethoxyphenyl)ethynyl) !
14 E. coli thiophene/ «-D-Mannopyranoside, Ce;fbiihydrate based EIS [25]
2-[2-(2-mercaptoethoxy) ethoxy]ethyl Sensing
. Antibacterial drug .
UroPathogenic . : This
15 E. coli (UPEC) GCE/CNEF-CHIT/AuNWs interaction-based DPV work

sensing

b
@ , ®)
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Figure 4. DPV response of different concentrations of UPEC bacteria (0.6-1.2 106 CFU/mL) (a) and
different incubation times (1 h-1 h 35 min) (b) on GCE/CNF-CHIT/AuNWs in the presence of AMX
(100 uM) along with respective bar diagrams (c,d).

4. Conclusions

The resistant behavior of bacterial species toward antibiotic drugs is the driving force
for all the electrochemical experimental studies in this work. The present ‘AMX and AMX-
assisted UPEC” detection was demonstrated as a model system that can be extended to
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achieve more specific and selective ‘drug-pathogen’ interaction studies. The developed
CNF-CHIT/AuNW-modified electrode showed the current responses for sensing AMX in
a linear range of 25-600 uM with a sensitivity value of 13.27 nA uM~!. The conclusions
arising from the present preliminary study are (i) after a specified incubation time, the
bacteria begin to produce the enzyme which cleaves the antibiotic, thereby affecting the
electron flow between the AMX and CNF-CHIT/AuNWs system, and (ii) after a particular
incubation time, the electrochemical activity of the AMX is decreased due to the influence
of 3-lactamase enzyme. The more the bacterial concentration, the greater its impact, and
hence, the current decreases with an increase in bacterial concentration as well as the
incubation time. The present studies are helpful for the development of various specific
and selective pathogen sensors with the aid of computational and theoretical approaches.
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