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Abstract: Hepatitis A virus (HAV), a major cause of acute liver infections, is transmitted through the
fecal-oral route and close contact with infected individuals. Current HAV standardized methods
rely on the detection of virus antigen or RNA, which do not differentiate between infectious and
non-infectious HAV. The objective of this study was to develop a prototype cell-based electrochemical
biosensor for detection of infectious HAV. A cell culture-adapted HAV strain (HM175/18f) and its
permissive cells (FRhK-4), along with gold nanoparticle-modified screen-printed electrodes, were
used to develop the biosensor. Electrochemical impedance spectroscopy was used to quantify the
electrical impedance signal. Nyquist plots showed successful fabrication of the cell-based biosensor.
The optimum period of HAV incubation with the biosensor was 6 h. A significant linear relationship
(R? = 0.98) was found between the signal and a 6-log range of HAV titers, with a limit of detection
of ~5 TCIDsp/mL (tissue culture infectious dose). The biosensor did not detect non-target viruses
such as feline calicivirus and human coronavirus 229E. The biosensor was stable for 3 to 7 days at an
abusive temperature (37 °C), retaining ~90 to 60% of the original signal, respectively. In conclusion,
this prototype cell-based biosensor is capable of rapidly detecting low levels of infectious HAV.

Keywords: cell-based biosensors; infectious viruses; Hepatitis A virus; infectivity assay; FRhK-4 cells;
foodborne outbreaks; impedance spectroscopy; screen-printed electrodes

1. Introduction

Globally, hepatitis A virus (HAV) is the most common cause of acute liver disease [1].
The virus is primarily spread through the fecal-oral route, contaminated food, fomite
and water, or by direct person-to-person contact. Fever, fatigue, loss of appetite, nausea,
abdominal discomfort, dark urine, and jaundice are some of the symptoms of an HAV
infection [2]. Hepatitis A virus is a small (27-32 nm), non-enveloped virus belonging to
the Picornaviridae family. It has a single-stranded RNA genome of approximately 7.5 kb
in length. The virus is classified into six genotypes, with genotype I, II, and III infecting
humans [3,4]. All six HAV genogroups belong to one serotype, exhibiting little antigenic
diversity [1].

Over the past decade, the United States has experienced significant HAV outbreaks,
primarily through person-to-person transmission [5,6]. Since 2017, these outbreaks have
predominantly affected the homeless populations and people who use drugs, leading to
widespread and costly public health interventions [7,8]. In addition to person-to-person
transmission, HAV causes foodborne outbreaks of significant impact on the food indus-
try [9]. For example, in 2019, an outbreak linked to imported fresh blackberries resulted
in multiple infections across several states, underscoring the risks associated with con-
taminated produce [10]. Similarly, a multistate outbreak in 2023, linked to frozen organic
strawberries, highlighted the issues arising from contaminated fruit sourced from regions
with poor sanitary practices [11]. Foodborne outbreaks of HAV have substantial impact on
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the global public health resulting in hospitalization rate of 0-86% and mortality rate 0-7%,
depending on the country [12]. Also, the economic burden of HAV outbreaks is substantial.
For example, in the United States, HAV hospitalization resulted in a USD 300 million loss
between 2016 and 2020 [8]. Preventing foodborne HAV requires comprehensive food safety
measures, including proper hygiene and sanitation during food handling and preparation,
using clean water, and cooking food to safe temperatures. In addition to these measures,
testing food, water or food-contact surfaces for the presence of HAV can help prevent, trace
and respond rapidly to HAV-associated foodborne outbreaks.

Traditional detection methods for HAV, such as serologic tests and enzyme immunoas-
says (EIA), have been the cornerstone of diagnostic clinical practices. Serologic tests detect
antibodies (IgM and IgG) against HAV in the blood of infected patients. However, these
tests cannot differentiate between acute and chronic infections and may not be able to
detect the virus in the early stages of infection [13,14]. Point-of-care HAV tests are another
innovation, providing rapid diagnostic results at the point of care without the need for
complex equipment. These tests are quick and easy to use, making them ideal for immedi-
ate testing scenarios, but they generally offer lower sensitivity and specificity compared
to laboratory-based tests, which can be a drawback in ensuring accurate diagnosis [14].
Molecular detection methods such as reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) offer high sensitivity and specificity and are capable of detecting HAV
during the early stages of infection, even before antibody production by the immune sys-
tem [15-17]. The FDA (Food and Drug Administration) standardized method for detecting
HAV in food is also based on RT-qPCR [18]. The RT-qPCR assays are expensive, require
sophisticated laboratory equipment, and necessitate technical expertise [17]. Furthermore,
they cannot differentiate between infectious and non-infectious viruses. Traditional cell
culture infectivity assays are required to confirm virus infectivity. However, wild-type HAV
recovered from human samples requires weeks to grow in cell culture [3]. In addition, cell
culture-adapted HAV strains require 10-14 days of incubation to confirm infectivity [19].
For foodborne HAYV, the inability to efficiently confirm HAV infectivity in cell cultures
further complicates decision-making when the viral RNA is detected in food or water.

Biosensors could revolutionize the detection of viruses by offering rapid, accurate, and
sensitive diagnostic capabilities directly at the point of care. Biosensors can be designed to
detect specific viral components with high precision, reducing the time needed for diagnosis
and allowing for quicker public health responses [20-22]. Electrochemical biosensors
have been extensively studied and recognized for their efficacy in detecting foodborne
pathogens at very low concentrations [23-27]. In the case of viruses, they can directly
measure viral particles by detecting changes in electrical impedance resulting from the
interaction between the virus and specific biological receptors. Previous studies on the use
of electrochemical biosensors for the detection of HAV are limited to either the detection of
HAV nucleic acid [28] or HAV antibody [29], both of which cannot confirm virus infectivity.
Cell-based biosensors generate a quantitative response to a specific stimulus and are gaining
attention for environmental and biomedical analyses [30]. These biosensors enable the
analysis of basic cellular functions such as receptor-ligand interactions [30]; thus, they are
ideal for use to detect cytopathic effects (CPEs) induced by infectious viruses. In addition,
cell-based biosensors allow for more realistic interactions to be monitored because viral
receptors on cells are in their native environment leading to optimal activity and specificity
against viruses [31]. However, few previous studies explored the use of mammalian cell-
based biosensor for determining virus infectivity [32-34]. For example, an earlier study
used hamster kidney fibroblast cells (BHK-21) that were immobilized on a screen-printed
carbon electrode, modified with poly-L-lysine to study dengue virus CPE over time [32].
Using electrochemical impedance spectroscopy (EIS), the study reported a faster detection
of CPE for dengue virus (30 h) in comparison to traditional cell culture infectivity assays
(72 h). Moreover, the cell-based biosensor allowed for the rapid detection of the presence of
infectious viral particles from dengue-infected patient samples [32]. This rapid detection
capability is crucial for effective public health interventions, especially during outbreaks.
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The objective of this study was to develop a prototype electrochemical cell-based
biosensor for the rapid detection of infectious HAV. The biosensor employs FRhK-4 epithe-
lial cells as biological receptors, integrated with a bio-nanocomposite-modified electrode.
The electrode is enhanced with gold nanoparticles, which increase the surface area and
improve cell adhesion and signal strength. The efficacy of this biosensor was tested using
EIS, demonstrating high sensitivity and specificity in detecting infectious HAV with a LOD
(Limit of Detection) of ~0.7 log equivalent to 5 TCIDsy/mL. In summary, this study intro-
duces a novel approach to detect infectious HAV which is an improvement to traditional
cell culture infectivity assays. The cell-based biosensor developed here is a proof-of-concept
toward developing rapid methods for the detection of infectious foodborne viruses for
food safety monitoring.

2. Materials and Methods
2.1. Chemicals and Apparatus

The chemicals used in this study include Dulbecco’s modified Eagle’s medium (DMEM)
(Thermo Fisher Scientific, Waltham, MA, USA); Avantor® Seradigm select-grade USDA
(United States Department of Agriculture); approved origin fetal bovine serum (FBS) (VWR,
Radnor, PA, USA); penicillin: streptomycin 100X for tissue culture (VWR Life Science,
Radnor, PA, USA); trypan blue 0.4% in an aqueous solution ready-to-use (VWR Life Science,
Radnor, PA, USA); trypsin (0.25%) EDTA-1X (ethylenediaminetetraacetic acid) (VWR Life
Science, Radnor, PA, USA), 20 nm gold nanoparticles supplied in 0.1 mM PBS (phosphate-
buffered saline), 95% OD1 (optical density), 524 nm absorption (Thermo Fisher Scientific,
Waltham, MA, USA); potassium ferrocyanide (K4[Fe(CN)g]) (Thermo Fisher Scientific,
Waltham, MA, USA); potassium ferricyanide (K3[Fe(CN)s]) (VWR Life Science, Radnor, PA,
USA); sodium phosphate dibasic anhydrous (Na;HPO,4) (EMD Millipore, Burlington, MA,
USA); sodium chloride (NaCl) (Thermo Fisher Scientific, Waltham, MA, USA); potassium
chloride (KCI) (VWR Life Science, Radnor, PA, USA); and potassium phosphate monobasic
anhydrous (KH,PO4) (RPICorp, Mt Prospect, IL, USA).

Phosphate-buffered saline (PBS, 10X) (100 mL) was prepared using the following
chemicals and mixing them: 1.4 g of Na,HPOy, 8 g of NaCl, 0.2 g of KC1, 0.245 g of KH,POy4.
Then, PBS (1X) (pH 7.4) was prepared by diluting the 10X PBS buffer with autoclaved
deionized water (DIW). Milli-Q water (resistivity = 18 M().cm) was used to prepare all
the media and chemicals. Prepared buffers and media were sterilized by autoclaving
at 121 °C and 15 psi for 30 min before the experiments. A redox solution of 5 mM [Fe
(CN)gIP~/4~ (1:1) was prepared in 0.1M KCl. Carbon screen-printed electrodes TE100 (SPE)
were acquired from CHI Instruments, Inc. (Austin, TX, USA). For the TE100 electrode
system used in this study, a three-electrode configuration was employed, mounted on
a polypropylene (PP) base plate measuring 12.6 mm by 50 mm. The working electrode
(WE) was fabricated from carbon with a diameter of 3 mm, providing a surface area of
7.1 mm?. The reference electrode (RE) consisted of an Ag pseudo-reference, with an area of
0.1 mm?, while the counter electrode (CE) was made of carbon with an area of 10.6 mm?.
Potentiostat interface 1010E (Gamry Instruments, Warminster, PA, USA) was used for
sensor measurements.

2.2. Cell Culture

The fetal rhesus monkey kidney (FRhK-4) epithelial-like cell line (ATCC, Gaithersburg,
MD, USA), stored at —196 °C in liquid nitrogen, was carefully thawed and cultured into a T-
25 flask containing 10 mL of pre-warmed (37 °C) growth media (DMEM supplemented with
10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin). The
cells were then incubated inside a 37 °C incubator with a humidified atmosphere containing
5% CO,. Upon reaching 80-90% confluency, the cells were passaged to maintain optimal
growth conditions. For passaging, the medium was aspirated, and the cell monolayer
was washed with PBS. Subsequently, 0.25% trypsin—EDTA solution was added to detach
the cells. Once the cells have detached, trypsin was neutralized with an equal volume
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of growth media. The cell suspension was centrifuged at 1200 rpm for 5 min, and the
supernatant was discarded. The cell pellet was resuspended in fresh DMEM, and an
appropriate aliquot was transferred to a new culture flask containing growth medium. The
FRhK-4 cells were cultured until they reached the third passage. For experiments, cells
at the third passage were used to ensure optimal growth conditions and cell consistency.
Subculturing continued only until the fourth passage, beyond which cells were not used
to maintain experimental accuracy and reproducibility. The cell viability was determined
using the trypan blue exclusion assay, and the cells were counted using a hemocytometer.

2.3. HAV Generation

The HAV cell culture-adapted strain HM175/18f (ATCC) was propagated in FRhK-4
cells. The generated HAV was centrifuged at 3000 rpm for 30 min at 4 °C. Then, the
supernatant containing the viruses was ultrafiltered using Amicon™ Ultra-15 Centrifugal
Filter Units (100 KDa) (Millipore Sigma, Burlington, MA, USA) to semi-purify the virus
from components of the cell culture lysates, as previously done [35]. The ultra-filtered HAV
titer was quantified using the 50% tissue culture infectious dose (TCIDsg), as described
previously [36]. The CPE was read between day 10 and 14, and the virus titer was deter-
mined to be 6.32 x 107 TCID5p/mL. Following ultrafiltration, ten-fold serial virus dilutions
were prepared in DMEM without FBS to avoid interference from FBS with the biosensing
platform. The prepared dilutions were then aliquoted into sterile microcentrifuge tubes
and stored at —80 °C to preserve viral infectivity. All procedures involving the handling
and preparation of HAV were conducted in a biosafety level 2 (BSL-2) laboratory while
adhering to stringent biosafety protocols.

2.4. Electrode Preparation

The SPE was rinsed with deionized water (DIW) and dried at room temperature for
60 min before taking the EIS measurements on the bare electrode. The SPE electrodes were
washed again using 1X PBS (pH 7.4). Gold nanoparticles (AuNP), supplied in 0.1 mM
PBS, OD1, were sonicated for 30 min, and then 8 puL of AuNP was drop-cast to cover
the surface of the working electrode. After air-drying, the SPEs were washed with 1X
PBS buffer (pH 7.4), and the EIS measurements were taken again. Following the wash
with 1X PBS buffer (pH 7.4), 10 puL of the cell suspension in DMEM at a concentration of
6 x 10* cells/mL was drop-cast on the working electrode. The cell adhesion period was
conducted without FBS, as the presence of FBS during the adherence and measurement
phases significantly increased impedance, interfering with the accurate detection of HAV.
Initially, 10 uL of cell culture media was applied to the working electrode to ensure proper
contact, and additional media (0.5mL) was subsequently added to cover the surface and
prevent evaporation during the period of cell adsorption. The AuNP-FRhK-4 SPEs were
incubated for 8 h at 37 °C inside a 5% CO; incubator. The choice of an 8 h adhesion period
for FRhK-4 cells on the electrode surface was guided by a previous study that demonstrated
optimal cell adhesion typically occurs within 2 to 10 h, especially at a seeding density of
10,000 cells per well [19]. This time frame ensures robust attachment before viral detection
experiments. Additionally, our observations conducted under the microscope during
routine subculturing of the FRhK-4 cell line, confirmed that cell adherence to surfaces was
consistent and stable at around 8 h. These experimental observations aligned with the
expected adhesion behavior of epithelial-like cell lines in culture, further validating the
choice of the 8 h time point. After cell adsorption, the electrodes were washed with 1X
PBS buffer (pH 7.4) to remove any non-adhered or dead cells before taking another EIS
measurement as described below.

2.5. Optimization of HAV Incubation Time

The fabricated biosensor (Figure 1) was evaluated for the optimal incubation time
with HAV to detect the virus binding to FRhK-4 cells. The biosensor was incubated with
10 uL of HAV at 6.32 x 10? TCIDsq/mL for 0 (immediately after cell adhesion), 0.5, 1, 2,
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4,6, and 12 h inside a 37 °C incubator (5% CO,). After each incubation period, the virus
was removed by rinsing with 1X PBS buffer (pH 7.4). Then, the EIS measurements were
performed to detect the change in signal (%) relative to the initial measurement. The %
signal change was calculated based on the charge transfer resistance (Rct) values, reflecting
the interaction between HAV and the cells on the electrode surface.

2.6. Electrochemical Measurements

The EIS measurements were performed using the potentiostat Interface 1010E. The
electrochemical system was a standard three-electrode cell using an SPE consisting of
working, reference, and counter electrodes. 5 mM [Fe(CN) 6}4_ /[Fe(CN) 6]3_ was used
as a redox couple for the EIS measurements, and a frequency range of 1 Hz to 10 kHz
with an AC amplitude of 5 mV superimposed on the open circuit potential (OCP). The
resulting impedance spectra were recorded as Nyquist plots, which represent the imaginary
component of the impedance (-Zing) as a function of the real component (Ze,1). The
impedance data were modeled using an equivalent electrical circuit to interpret the Nyquist
plots (Figure 2). The circuit consisted of solution resistance (Rs) which is the resistance of
the electrolyte solution; double-layer capacitance (Cq;), capacitive behavior of the electric
double layer formed at the electrode/electrolyte interface; charge transfer resistance (Rcrt),
that is the resistance of electron transfer during the redox reactions at the electrode surface;
and Warburg impedance (Z ), which is the impedance caused by the diffusion of redox
species in the solution. The charge transfer resistance (Rct) was determined from the
diameter of the semicircular arc observed in the Nyquist plot and was analyzed using the
ZView v. 4 software to fit the experimental data to the equivalent circuit model, thereby
extracting the (Rct) value.

The (Rct) parameter provides critical insight into the interfacial electron transfer
kinetics, with larger values indicating higher resistance to charge transfer, potentially
caused by surface modifications or interactions with analytes [37,38]. All measurements
were performed at room temperature (298 K) under identical experimental conditions to
ensure consistency.

The resulting measurement is presented as ARct (ohm) or ARct (%) where

R _ .
ARCT (‘Vo) _ CT,measured RCT,baselme % 100% (1)
RCT,baseline
ARCT(Ohm> = (RCT,measured - RCT,baseline) (2)

At the end of the HAV incubation period with the biosensor, the EIS measurements
were carried out at room temperature (25 °C).

2.7. Biosensor Limit of Detection (LOD) and Specificity Testing

The LOD of the biosensor is defined as the lowest concentration of the signal detected
that is different from background noise, while the limit of quantification (LOQ) indicates
the lowest concentration of the signal that can be quantified with precision and accuracy.
While the LOD indicates when the signal can first be distinguished from the background
noise, the LOQ ensures that the signal is sufficiently reliable for accurate quantification. To
determine the biosensor’s LOD, the biosensor was incubated with different concentrations
of HAV, ranging from 6.32 x 10° to 6.32 x 10° TCIDsy/mL. The HAV volume added to
the biosensor was 10 pL and the virus was allowed to incubate with the biosensor for the
pre-determined optimized incubation period. The virus was removed by rinsing with 1X
PBS buffer (pH 7.4) before taking another EIS measurement. Based on the relationship
between the virus concentrations and the ARct values (the difference in charge transfer
resistance), a calibration curve was obtained. The LOD and LOQ were determined based

on the equations below:
LOD = 3.3 x <Ssd>
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LOQ =10 x ( Sd>
S
sd = standard deviation of the Y-intercept and S = slope of the calibration curve.
The sensitivity of the biosensor was calculated as the slope of the calibration curve
divided by the area of the working electrode (0.071 cm?). The sensitivity of the biosensor
was calculated using the following formula:

Sensitivity = 0071

The specificity of the developed biosensor was tested against feline calicivirus (FCV)
and human coronavirus (HCoV 229E). Both FCV and HCoV 229E were obtained from
ATCC and were generated as described previously [35,39]. Both viruses and HAV were
used at a concentration of 102 TCIDs,/mL and incubated with the biosensor for the same
HAV pre-determined optimized period. Furthermore, FCV and HCoV 229E were also
tested on a 2-day-old confluent FRhK-4 in a 96-well plate (10,000 cells/well). The cells
were infected with the FCV and HCoV 299E at 10?> TCIDsy/mL for 7 days under similar
conditions to the HAV infection of FRhK-4 cells. After the 7-day incubation period, the
cells were observed for morphological changes using a bright-field inverted microscope.
The control negatives include FRhK-4 cells in cell culture media but without any viruses
added. Virus-induced CPEs, such as cell rounding, detachment, or lysis, were documented
on day 0 and 7 using Echo Rebel (Echo—A Bico company, San Diego, CA, USA) inverted
microscope-mounted camera.

2.8. Temperature Treatment of HAV for Testing with the Fabricated Biosensor

The HAV stock was diluted in DMEM to 6.32 x 10* TCIDsp/mL. This diluted virus was
divided into 1 mL aliquots which were subjected to three distinct temperature treatments:
(1) incubation at 4 °C for 60 min (HAV infectious control), (2) incubation at 60 °C for
60 min (partially infectious HAV), and (3) incubation at 100 °C for 10 min (completely non-
infectious virus). The biosensor was fabricated as mentioned in Section 2.4, and after the
immobilization of FRhK-4 cells, triplicate biosensors were incubated with each of the HAV
temperature treatments. The EIS measurements were taken and the ARct was calculated
for each biosensor (Section 2.6).

2.9. Biosensor Stability

The stability of the developed cell-based biosensor was evaluated over 14 days to
determine the sensor’s performance in detecting infectious HAV. Two approaches were
used. First, the FRhK-4 cells were allowed to adhere to the AuNP-modified electrodes for
approximately 8 h (defined as day 0) and then the cell-based biosensors were stored at
37 °C. Following the initial cell adhesion and virus exposure at day 0, subsequent virus tests
were conducted on day 1, 3, 7, and 14. Second, the AuNP-modified electrodes (without the
cells) were stored at room temperature for 1, 3, 7, and 14 days,; then, on each time point, the
FRhK-4 cells were added and allowed to adsorb for 8 h, after which the HAV analyte was
introduced. Throughout the 14-day period, the working electrode was immersed in 2 mL
cell culture media in a closed petri dish to prevent evaporation of the 10 uL. media during
the cell incubation period. On each testing day, the biosensor was exposed to HAV titer of
10? TCIDsg/mL in 10 uL DMEM to measure its response and assess its stability. This titer
was chosen because it provides a detectable signal within the biosensor’s sensitivity range
without risking saturation or weak signals. The change in charge transfer resistance (ARcr)
was recorded during each measurement, with ARcT values expressed as a percentage
change relative to the initial measurement taken on day 0 (immediately after the 8-h cell
adhesion period).
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2.10. Statistical Analyses

All experiments were independently repeated at least three times. Each experiment
included 3 technical replicates. The statistical significance of differences between groups
was assessed using a one-way ANOVA followed by Tukey’s post hoc test for multiple
comparisons. Linear regression analysis was used to determine the relationship between
HAV titers and signal. All data are presented as mean values of charge transfer resistance
(ARct) +£ standard deviation (SD). Statistical significance was determined at p < 0.05.
Graphpad Prism 10 and Microsoft excel were used for all statistical analyses.

3. Results and Discussion
3.1. Development of the Biosensing Platform and Optimization of Incubation Time for HAV
Detection

The process of electrode modification is illustrated in Figure 1. The methodology and
design of our study focus primarily on electrochemical impedance spectroscopy (EIS) as
the non-destructive approach for measuring the changes in impedance resulting from the
analyte (HAV) binding to cell surfaces without risking cell viability [40]. The Nyquist plot
obtained from the EIS measurements (Figure 2) illustrates the imaginary impedance (-Zing)
versus the real impedance (Z,.,)) across a range of frequencies, revealing two characteristic
regions: a semicircular region at higher frequencies, representing the charge transfer process,
and a linear region indicative of the diffusion-controlled process. The semicircular diameter,
which correlates directly with the charge transfer resistance (Rct), provides critical insights
into electrode modifications and analyte interactions [22,41-44]. The bare electrode with
AuNP showed the smallest semi-circle in the representative Nyquist plot for the biosensor,
indicating the lowest charge transfer resistance of 152 () (Figure 2). It is known that the
use of AuNPs not only enhances the electrical conductivity of the electrode [45], but also
promotes strong and stable cell attachment due to the increased surface roughness and
biocompatibility of the nanoparticles [46—48]. At a low concentration of 0.05 mg/mL, 20 nm
gold nanoparticles (AuNPs) are biocompatible and non-toxic, with studies showing that
concentrations up to 0.10 mg/mL maintain similar impedance patterns as the positive
control and support normal cell proliferation without significant toxicity [49,50]. Thus,
here, the advantages of using AuNPs for FRhK-4 cell immobilization include their excellent
biocompatibility, high surface area-to-volume ratio, and enhanced electrical properties,
making them ideal for developing a sensitive and reliable biosensor. In this study, the
Rcr values showed a progressive increase across the stages of biosensor development
and analyte binding, starting at the lowest for the AuNP-modified electrode, increasing
significantly to 1289 () after immobilizing FRhK-4 cells, and finally reaching 2083 () upon
HAV binding. This incremental rise in Rct reflects the stepwise assembly and successful
functionalization of the biosensor, with each modification adding resistance due to hindered
electron transfer (Figure 2). The incubation time for HAV was based on pre-determined
optimization shown below (Figure 3). This indicates the highest resistance, possibly because
of the virus interaction with FRhK-4 cells that form additional biological layers, creating a
thick interface that hinders electron transfer, leading to higher impedance.

The HAV detection time was optimized by evaluating various incubation periods
of the virus with the FRhK-4 cell-based electrochemical biosensor. The results indicated
minimal signal change at 30 min and 1 h, suggesting insufficient virus attachment to the
cells at these early time points (Figure 3). A non-significant increase in % signal was
observed at 2 and 4 h, indicating progressive interaction between HAV and the cells. The
most significant signal increase was observed at 12 h; however, the 6 h time point was also
significant and provided a robust and consistent signal while maintaining smaller standard
deviation (Figure 3). The 6 h time point was identified as the optimal incubation time,
balancing effective HAV detection with experimental efficiency, and was adopted in this
study.
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SPE/AuNP/FRhK-4/HAV SPE/AuNP/FRhK-4 (10,000 cells)

Created with BioRender.com

Figure 1. Electrode preparation steps, including the drop-cast deposition of the gold nanoparticles
(AuNP) on the bare screen-printed electrodes (SPEs), followed by the immobilization of FRhk-4 cells
and subsequent testing with hepatitis A virus (HAV).

2500

< SPE (Bare)

-e-SPE+AuUNP

2000 | -m-SPE+AuNP+FRhK-4 cells
-A-SPE+AUNP+FRhK-4 cells+HAV

w» 1500 |

“Zing (OhMs

1000

500

0 500 1000 1500 2000 2500
Zreal (Oth)

Figure 2. Nyquist plot of the electrode after each step of the electrode preparation process and the
response of the biosensor to incubation with HAV for 6 h.
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Figure 3. Optimization of HAV incubation time with a FRhK-4 cell-based biosensor. The % signal
change detected by electrochemical impedance spectroscopy (EIS) after various HAV incubation times:
0 (immediate), 0.5, 1, 2, 4, 6, and 12 h. Data are presented as the mean =+ standard deviation (SD).
Statistical significance was determined using an ANOVA. Asterisks indicate significant differences at
*p <0.05, **p <0.01, ** p < 0.001, *** p < 0.0001.

3.2. Sensitivity and LOD of the Biosensor

The performance of the electrochemical cell-based biosensor in detecting HAV was
evaluated by measuring the change in charge transfer resistance (ARct) across a range
of HAV concentrations, from 6.34 x 10° to 6.34 x 10° TCIDsy/mL. A significant linear
relationship was observed between ARct and HAV titers following the equation y = 156.1x
— 65.872 and an R? value of 0.9889 (Figure 4). This high R? value indicates excellent linearity
and reliability of this cell-based biosensor in detecting a wide range of concentrations for
HAV. The sensitivity of the biosensor was found to be 2198.59 Qcm~—2/ Log1o (TCIDsp/mL).
This high sensitivity is attributed to the effective modification of the electrode surface with
gold nanoparticles and the subsequent immobilization of FRhK-4 cells, which significantly
enhanced the electrochemical response. A previous impedimetric cell-based biosensor
developed for dengue virus to monitor CPE in BHK-21 cells reported changes related to
viral titer and infection kinetics rather than direct sensitivity values [32]. In our study,
the lowest virus titer detected for the developed biosensor was determined to be 0.8 log
TCIDsy/mL (Figure 4). The LOD was calculated using the SD of Y-intercept and was found
to be ~0.7 log equivalent to 5 TCIDsp/mL (based on the equation given in Section 2.7)
demonstrating the sensor’s capability to detect low concentrations of infectious HAV. The
LOQ was calculated to be ~2 log equivalent to 100 TCIDsy/mL (based on the equation
given in Section 2.7), ensuring that the sensor can reliably quantify HAV concentrations
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across a broad range. This value suggests that while the sensor can detect lower viral
loads at the LOD, it can only provide precise and reliable measurements at viral titers
above the LOQ. In a previous study, a DNA hybridization electrochemical biosensor was
developed to detect HAV, showed a LOD of 6.94 fg/uL for viral cDNA [28]. Similarly,
another cell-based biosensor was developed to detect SARS-CoV-2 spike protein, resulting
in an LOD of 1 fg/mL [33]. A previous study relied on HAV specific antibodies in an
indirect competitive electrochemical immunosensor, including secondary antibody labeling
with peroxidase, and reported a detection limit of 26 x 1072 TU/mL [29]. The ultra-low
LODs in these studies cannot be directly compared to our cell-based biosensor’s LOD,
because the authors used a different approach by targeting viral genetic material or viral
protein rather than the whole infectious virus. The performance of various electrochemical
biosensors for HAV detection, including our current study, highlighting key parameters
such as detection methods, platforms, biorecognition elements, and limits of detection
(LOD) has been summarized in Table 1.

1200
y = 156.1x — 65.87 =
R? = 0.9889,p < 0.0001
1000} p
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é’ L ,,’
5 ]
< 600}
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' ."
<
400f
200}
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Figure 4. Sensitivity of the cell-based biosensor for detecting various HAV titers. The graph shows
the relationship between the change in charge transfer resistance (ARct) and HAV titers. The linear
regression equation was found to be y = 156.1x — 65.872 with an R? value of 0.9889 (p < 0.0001).

3.3. Specificity of the Biosensor

A significant ARct of approximately 300 Ohms for HAV was observed, whereas the
ARcr values for FCV and HCoV 229E were negligible, close to 0 Ohms (Figure 5). This
substantial difference highlights the biosensor’s high specificity for HAV. The selection of
FCV and HCoV 229E as non-specific viruses in this study was based on their relevance
in different contexts: FCV is a nonenveloped virus commonly used as a surrogate for
foodborne human noroviruses in food safety studies [51], while HCoV 229E, is an enveloped
virus that is often used a surrogate for SARS-CoV-2, the causative agent of the COVID-19
pandemic [52,53].
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Figure 5. Specificity of the cell-based biosensor for detecting infectious Hepatitis A virus (HAV)
compared to non-target viruses: feline calicivirus (FCV) and human coronavirus (HCoV 229E) used
at 102 TCIDsp/mL. Data are presented as the mean = standard deviation (SD). Statistical significance
was determined using an ANOVA. Asterisks indicate significant differences at **** p < 0.0001.

Observations under a bright-field inverted microscope revealed significant morpholog-
ical changes in the FRhK-4 cells incubated with HAV, including cell rounding, detachment,
and signs of lysis, indicating virus-induced CPE (Figure 6). In contrast, the cells incubated
with FCV and 229E showed no significant morphological changes, maintaining their normal
morphology throughout the incubation period as compared to control non-infected cells
(Figure 6). The high specificity of the biosensor to HAV lies in the use of FRhK-4 epithelial
cells as a biological receptor. These cells exhibit high affinity for HAV [36], allowing the
virus to bind effectively to the cells on the electrode surface. In contrast, FCV and 229E do
not have the same affinity for FRhK-4 cells as also evidenced in our observations under the
microscope. This results in minimal or no binding, and consequently, no significant change
in ARct. This selective binding is critical for distinguishing infectious HAV from other
viruses, ensuring accurate detection and reducing false positives. While this biosensor was
shown to be specific to HAV, when tested against two non-target viruses, more compre-
hensive testing of other viruses that can be found in the environment should be carried
out in future studies. Nevertheless, this biosensor is suitable as a tool for determining the
infectivity of HAV from known HAV-positive patients or HAV RT-qPCR-positive food,
water, or environmental samples.
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Day 1 Day 7

Non-infected FRhK-4 Cells

Hepatitis A Virus (HAV)

Feline Calicivirus (FCV)

Figure 6. Morphological changes in FRhK-4 cells as observed under the microscope at 10x magni-
fication. The cells were incubated with 102 TCIDsy/mL infectious hepatitis A virus (HAV), feline
calicivirus (FCV), and human coronavirus (HCoV 229E) over 7 days at 37 °C. The control cells were
FRhK-4 cells without any added viruses.

3.4. Differentiation Between Infectious and Non-Infectious HAV

The highest ARcT value was observed in the control (4 °C/60 min) infectious HAV
(~755 Q) (Figure 7), which corresponds to the expected value observed earlier (Figure 4).
In contrast, the 60 °C treatment group displayed a much lower ARct (~277 (2) compared
to the control (Figure 7). This result is expected because heat treatment at 60 °C for 60 min
was shown previously to partially inactivate HAV [54], indicating that some viruses are
still capable of infecting FRhK-4 on the biosensor. Finally, the 100 °C treatment group,
exhibited the lowest ARct value (—25.40)), indicating negligible or no interaction with
the FRhk-4 cells (Figure 7). This result is also expected because treatment at 100 °C for
10 min was shown previously to completely inactivate HAV [55], rendering the virus
non-infectious and incapable of binding FRhK-4 cells to induce any impedance change.
The significant differences among the groups confirm that the cell-based biosensor can
accurately distinguish between infectious, partially infectious, and non-infectious HAV.
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Figure 7. Comparison of the ARct values of various temperature treatments for HAV (6.32 x 104
TCIDs5j/mL): 4 °C for 60 min (control infectious HAV), 60 °C for 60 min (partially infectious HAV), and
100 °C for 10 min (non-infectious HAV). Data are presented as the mean + standard deviation (SD).
Statistical significance was determined using an ANOVA. Asterisks indicate significant differences at
*p <0.05,** p <0.01, ** p < 0.001.

3.5. Biosensor Stability Testing

As depicted in Figure 8a, there is a clear decrease in the percentage of signal over the
14-day period of storage of the cell-based biosensor inside the 37 °C incubator. The signal
percentage, i.e., the ARct values, indicate the difference between the Rt of HAV-infected
cells and the FRhK-4 cells. Initially, the biosensor maintained a high signal, retaining
close to 100% of its ARct on the first day. On days 3 and 7, the signal retained was ~90
and 60%, respectively (Figure 8a). However, by day 10, the signal significantly decreased
to around 20%. This reduction in signal may be attributed to the decreased viability of
the FRhK-4 cells immobilized on the electrode surface in the absence of FBS. The cells’
ability to bind HAV diminishes as they lose viability, resulting in a reduced electrochemical
response. Living cells are essential for maintaining the cell-based biosensor’s functionality,
as they provide the biological recognition element required for specific virus binding. Over
time, the cells undergo apoptosis or necrosis, which impairs their binding capabilities and,
consequently, the sensor’s performance. Maintaining cell viability is a critical factor for the
long-term stability of cell-based biosensors. Overall, our results showed that this cell-based
biosensor, when stored under abusive temperature (37 °C), should be used within 3 days.
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Figure 8. Stability of the cell-based biosensor for detecting infectious HAV. (a) The cell-based
biosensor was stored in DMEM media over a 14 day-period inside a 37 °C incubator, then used
for HAV detection on days 0, 3, 7, 10, and 14. (b) The AuNP-modified electrodes were stored at
room temperature over a 14 day-period, but was modified with FRhK-4 cells on days 0, 3, 7, 10, and
14, followed by the addition of HAV. Data are presented as the mean =+ standard deviation (SD).
Statistical significance was determined using an ANOVA. Asterisks indicate significant differences at
*p <0.05, *** p < 0.0001, Non-significant differences (p > 0.05) compared to day 0 are indicated by the
letters ns.

To explore whether storage temperature affected the AuNP-modified SPE electrode
itself, another time stability experiment was conducted at room temperature on AuNP-
modified SPE without initially adding the cells. The cells were added on the different
storage days and then allowed to bind to HAV for 6 h. The biosensor maintained over 90%
of the initial signal on day 3 (Figure 8b). On days 7 and 10, a slight decline in signal was
observed, while on day 14, the retention remained above 75% (Figure 8b). The ARct values
suggest that the AuNP-modified electrodes (without immobilized cells) can maintain
their functional performance for up to 14 days at room temperature. The decrease in
ARcT over time may reflect minor changes in the surface characteristics of the modified
electrodes; despite these changes, the electrodes consistently provided a strong response,
suggesting robustness for real-time viral detection applications. Therefore, to improve the
stability, future research should focus on further optimizing the storage temperature and
incorporating cell-preserving agents or essential growth factors such as FBS. Additionally,
exploring alternative cell lines or engineering more robust cells might further enhance the
stability of this cell-based biosensor.

Table 1. Comparison of electrochemical biosensors for HAV detection.

Method Platform Biorecognition Element Analyte LOD
Au electrode modified with . .

Immunosensor array [56] nanogold particles HAV monoclonal antibody HAV antigen 0.1 pg/mL
Indirect competitive Carbon nano-powder paste HAV capture antibodies HAV antigen 26 x 107> TU/mL
Immunosensor [29] electrode

: 0.65 pM for ssDNA;
DNA biosensor [28] Au electrode ssDNA probe HAYV ssDNA and cDNA 6.94 fg/ L for viral cDNA
Cell biosensor (This study) Au-modified screen-printed FRhK-4 cells Infectious HAV 5 TCIDsp/mL

electrode




Biosensors 2024, 14, 576 15 0f 17

4. Conclusions

As summarized in Table 1, previous studies on biosensors have predominantly de-
tected viral proteins, nucleic acids, or antigens; the cell-based approach enables direct
measurement of the interaction between HAV and host cells, closely mimicking natural
biological processes of viral infection. Taken together, these results highlight the potential of
the developed cell-based biosensor for rapid and sensitive detection of infectious HAV. The
use of FRhK-4 cells as biological receptors, combined with the enhanced electrode surface
provided by gold nanoparticles, likely contributed to the high sensitivity and specificity
observed. The biosensor is stable for at least 3 days under an abusive temperature (37 °C).
This cell-based biosensor approach for HAV addresses the limitations of traditional cell cul-
ture infectivity assays, such as TCIDs assay, by providing a faster (6 h versus 10-14 days)
and reliable alternative for the detection of infectious HAV. Also, the biosensor can ef-
fectively distinguish between infectious and non-infectious HAV. The ability to quickly
detect infectious HAV at low LOD (~0.7 log equivalent to ~5 particles TCIDs/mL) can
significantly impact the management of an HAV outbreak, enabling early intervention
and reducing the spread of the virus. Future applications of the developed prototype
cell-based biosensor will include testing in various food, water, and environmental matrices
to optimize this biosensor as a tool for food safety monitoring and public health protection.
Integrating cell-based biosensors into food safety testing presents challenges, including
the recovery and concentration of viruses from complex food matrices, which necessitate
careful upstream method optimization to preserve viral infectivity and ensure accurate
detection. Addressing these challenges is essential for the food safety application of these
biosensors.

Author Contributions: Conceptualization, resources, writing—review and editing, funding acquisi-
tion, supervision, project management: R.P.R. and M.A E.; methodology, validation, formal analysis,
investigation, visualization, writing—original draft: D.K. All authors have read and agreed to the
published version of the manuscript.

Funding: Financial support was provided by the University of Georgia’s Center for Food Safety
internal seed grant to Ramasamy (PI) and Esseili (Co-PI).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available upon request from authors.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Vaughan, G.; Rossi, LM.G.; Forbi, ].C.; de Paula, V.S.; Purdy, M.A; Xia, G.; Khudyakov, Y.E. Hepatitis A virus: Host interactions,
molecular epidemiology and evolution. Infect. Genet. Evol. 2014, 21, 227-243. [CrossRef] [PubMed]

2. Cliver, D.O. Epidemiology of Viral Foodborne Disease. J. Food Prot. 1994, 57, 263-266. [CrossRef]

3.  Nemes, K,; Persson, S.; Simonsson, M. Hepatitis a virus and hepatitis E virus as food-and waterborne pathogens—Transmission
routes and methods for detection in food. Viruses 2023, 15, 1725. [CrossRef] [PubMed]

4. Cuthbert, J.A. Hepatitis A: Old and New. Clin. Microbiol. Rev. 2001, 14, 38-58. [CrossRef]

5. CDC. Widespread Hepatitis A Outbreaks Associated with Person-to-Person Transmission—United States, 2016-2020. Available
online: https://www.cdc.gov/mmwr/volumes/71/wr/mm?7139al.htm (accessed on 20 August 2024).

6. CDC. Hepatitis A Outbreak Linked to Person-to-Person Contact. Available online: https://www.cdc.gov/hepatitis/outbreaks/
ongoing-hepatitis-a/index.html (accessed on 20 August 2024).

7. Hofmeister, M.G.; Gupta, N.; Lauro, P.; Brock, E.M.; May, A.; Smith, C.; Arizmendi, O.; Brown, K,; Jervis, R H.; Shen, A.Q.; et al.
Preventable Deaths During Widespread Community Hepatitis A Outbreaks—United States, 2016-2022. MMWR. Morb. Mortal.
WEkly. Rep. 2023, 72, 1128-1133. [CrossRef] [PubMed]

8. Horn, EK,; Herrera-Restrepo, O.; Acosta, A.M.; Simon, A.; Jackson, B.; Lucas, E. The Burden of Hepatitis A Outbreaks in the

United States: Health Outcomes, Economic Costs, and Management Strategies. J. Infect. Dis. 2024, 230, e199-e218. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.meegid.2013.10.023
https://www.ncbi.nlm.nih.gov/pubmed/24200587
https://doi.org/10.4315/0362-028X-57.3.263
https://doi.org/10.3390/v15081725
https://www.ncbi.nlm.nih.gov/pubmed/37632066
https://doi.org/10.1128/CMR.14.1.38-58.2001
https://www.cdc.gov/mmwr/volumes/71/wr/mm7139a1.htm
https://www.cdc.gov/hepatitis/outbreaks/ongoing-hepatitis-a/index.html
https://www.cdc.gov/hepatitis/outbreaks/ongoing-hepatitis-a/index.html
https://doi.org/10.15585/mmwr.mm7242a1
https://www.ncbi.nlm.nih.gov/pubmed/37856325
https://doi.org/10.1093/infdis/jiae087
https://www.ncbi.nlm.nih.gov/pubmed/39052742

Biosensors 2024, 14, 576 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Bosch, A.; Gkogka, E.; Le Guyader, ES.; Loisy-Hamon, F.; Lee, A.; Van Lieshout, L.; Marthi, B.; Myrmel, M.; Sansom, A.; Schultz,
A.C.; et al. Foodborne viruses: Detection, risk assessment, and control options in food processing. Int. J. Food Microbiol. 2018, 285,
110-128. [CrossRef]

Mcclure, M.; Nsubuga, J.; Montgomery, M.P; Jenkins, E.; Crosby, A.; Schoelen, D.; Basler, C.; Ramachandran, S.; Lin, Y.; Xia, G.-L.;
et al. A 2019 Outbreak Investigation of Hepatitis A Virus Infections in the United States Linked to Imported Fresh Blackberries.
Food Environ. Virol. 2022, 14, 236-245. [CrossRef]

FDA. Outbreak Investigation of Hepatitis A Virus Infections: Frozen Strawberries (February 2023). Available on-
line: https:/ /www.fda.gov/food/outbreaks-foodborne-illness /outbreak-investigation-hepatitis-virus-infections-frozen-
strawberries-february-2023 (accessed on 20 August 2024).

Gandhi, A.P.; Al-Mohaithef, M.; Aparnavi, P.; Bansal, M.; Satapathy, P.; Kukreti, N.; Rustagi, S.; Khatib, M.N.; Gaidhane, S.;
Zahiruddin, Q.S. Global outbreaks of foodborne hepatitis A: Systematic review and meta-analysis. Heliyon 2024, 10, e28810.
[CrossRef]

Pondé, R.A.D.A. The serological markers of acute infection with hepatitis A, B, C, D, E and G viruses revisited. Arch. Virol. 2017,
162, 3587-3602. [CrossRef] [PubMed]

Lee, J.-H.; Seo, H.S.; Kwon, J.-H.; Kim, H.-T.; Kwon, K.C,; Sim, S.J.; Cha, Y.J.; Lee, ]. Multiplex diagnosis of viral infectious diseases
(AIDS, hepatitis C, and hepatitis A) based on point of care lateral flow assay using engineered proteinticles. Biosens. Bioelectron.
2015, 69, 213-225. [CrossRef]

Nainan, O.V,; Xia, G.; Vaughan, G.; Margolis, H.S. Diagnosis of Hepatitis A Virus Infection: A Molecular Approach. Clin. Microbiol.
Rev. 2006, 19, 63-79. [CrossRef]

Behzadi, P,; Ranjbar, R.; Alavian, S.M. Nucleic Acid-Based Approaches for Detection of Viral Hepatitis. Jundishapur J. Microbiol.
2014, 8, €17449. [CrossRef] [PubMed]

Watzinger, F; Ebner, K.; Lion, T. Detection and monitoring of virus infections by real-time PCR. Mol. Asp. Med. 2006, 27, 254-298.
[CrossRef] [PubMed]

FDA. Sampling and Testing Method Guidance for the Detection of Norovirus and Hepatitis A Virus in Soft Fruit; FDA: Rockville, MD,
USA, 2020.

Lebourgeois, S.; Fraisse, A.; Hennechart-Collette, C.; Guillier, L.; Perelle, S.; Martin-Latil, S. Development of a real-time cell
analysis (RTCA) method as a fast and accurate method for detecting infectious particles of the adapted strain of hepatitis A virus.
Front. Cell. Infect. Microbiol. 2018, 8, 335. [CrossRef]

Maddali, H.; Miles, C.E.; Kohn, J.; O’Carroll, D.M. Optical Biosensors for Virus Detection: Prospects for SARS-CoV-2/COVID-19.
ChemBioChem 2021, 22, 1176-1189. [CrossRef]

Ménard-Moyon, C.; Bianco, A.; Kalantar-Zadeh, K. Two-Dimensional Material-Based Biosensors for Virus Detection. ACS Sensors
2020, 5, 3739-3769. [CrossRef] [PubMed]

Stukovnik, Z.; Bren, U. Recent developments in electrochemical-impedimetric biosensors for virus detection. Int. ]. Mol. Sci. 2022,
23, 15922. [CrossRef]

Patel, D.; Zhou, Y.; Ramasamy, R.P. A bacteriophage-based electrochemical biosensor for detection of methicillin-resistant
Staphylococcus aureus. J. Electrochem. Soc. 2021, 168, 057523. [CrossRef]

Suganthan, B.; Rogers, A.M.; Crippen, C.S.; Asadi, H.; Zolti, O.; Szymanski, C.M.; Ramasamy, R.P. A Bacteriophage Protein-Based
Impedimetric Electrochemical Biosensor for the Detection of Campylobacter jejuni. Biosensors 2024, 14, 402. [CrossRef] [PubMed]
Zolti, O.; Suganthan, B.; Maynard, R.; Asadi, H.; Locklin, J.; Ramasamy, R.P.; Zolti, O.; Suganthan, B.; Maynard, R.; Asadi, H.; et al.
Electrochemical Biosensor for Rapid Detection of Listeria monocytogenes. . Electrochem. Soc. 2022, 169, 067510. [CrossRef]
Zolti, O.; Suganthan, B.; Nagdeve, S.N.; Maynard, R.; Locklin, J.; Ramasamy, R.P.; Zolti, O.; Suganthan, B.; Nagdeve, S.N.;
Maynard, R.; et al. Investigation of the Efficacy of a Listeria monocytogenes Biosensor Using Chicken Broth Samples. Sensors
2024, 24, 2617. [CrossRef]

Zolti, O.; Suganthan, B.; Ramasamy, R.P; Zolti, O.; Suganthan, B.; Ramasamy, R.P. Lab-on-a-Chip Electrochemical Biosensors for
Foodborne Pathogen Detection: A Review of Common Standards and Recent Progress. Biosensors 2023, 13, 215. [CrossRef]
Manzano, M.; Viezzi, S.; Mazerat, S.; Marks, R.S.; Vidic, ]. Rapid and label-free electrochemical DNA biosensor for detecting
hepatitis A virus. Biosens. Bioelectron. 2018, 100, 89-95. [CrossRef]

Mandli, J.; Attar, A.; Ennaji, M.M.; Amine, A. Indirect competitive electrochemical immunosensor for hepatitis A virus antigen
detection. J. Electroanal. Chem. 2017, 799, 213-221. [CrossRef]

Gheorghiu, M. A short review on cell-based biosensing: Challenges and breakthroughs in biomedical analysis. . Biomed. Res.
2021, 35, 255. [CrossRef]

Gupta, N.; Renugopalakrishnan, V.; Liepmann, D.; Paulmurugan, R.; Malhotra, B.D. Cell-based biosensors: Recent trends,
challenges and future perspectives. Biosens. Bioelectron. 2019, 141, 111435. [CrossRef]

Cheng, M.S.; Lau, S.H.; Chan, K.P; Toh, C.-S.; Chow, V.T. Impedimetric cell-based biosensor for real-time monitoring of cytopathic
effects induced by dengue viruses. Biosens. Bioelectron. 2015, 70, 74-80. [CrossRef]

Mavrikou, S.; Moschopoulou, G.; Tsekouras, V.; Kintzios, 5. Development of a portable, ultra-rapid and ultra-sensitive cell-based
biosensor for the direct detection of the SARS-CoV-2 S1 spike protein antigen. Sensors 2020, 20, 3121. [CrossRef]

Oeyen, M.; Meyen, E.; Doijen, ].; Schols, D. In-depth characterization of Zika virus inhibitors using cell-based electrical impedance.
Microbiol. Spectr. 2022, 10, €00491-22. [CrossRef]


https://doi.org/10.1016/j.ijfoodmicro.2018.06.001
https://doi.org/10.1007/s12560-022-09527-y
https://www.fda.gov/food/outbreaks-foodborne-illness/outbreak-investigation-hepatitis-virus-infections-frozen-strawberries-february-2023
https://www.fda.gov/food/outbreaks-foodborne-illness/outbreak-investigation-hepatitis-virus-infections-frozen-strawberries-february-2023
https://doi.org/10.1016/j.heliyon.2024.e28810
https://doi.org/10.1007/s00705-017-3538-3
https://www.ncbi.nlm.nih.gov/pubmed/28884240
https://doi.org/10.1016/j.bios.2015.02.033
https://doi.org/10.1128/CMR.19.1.63-79.2006
https://doi.org/10.5812/jjm.17449
https://www.ncbi.nlm.nih.gov/pubmed/25789132
https://doi.org/10.1016/j.mam.2005.12.001
https://www.ncbi.nlm.nih.gov/pubmed/16481036
https://doi.org/10.3389/fcimb.2018.00335
https://doi.org/10.1002/cbic.202000744
https://doi.org/10.1021/acssensors.0c01961
https://www.ncbi.nlm.nih.gov/pubmed/33226779
https://doi.org/10.3390/ijms232415922
https://doi.org/10.1149/1945-7111/abef85
https://doi.org/10.3390/bios14080402
https://www.ncbi.nlm.nih.gov/pubmed/39194631
https://doi.org/10.1149/1945-7111/ac7a63
https://doi.org/10.3390/s24082617
https://doi.org/10.3390/bios13020215
https://doi.org/10.1016/j.bios.2017.08.043
https://doi.org/10.1016/j.jelechem.2017.05.047
https://doi.org/10.7555/JBR.34.20200128
https://doi.org/10.1016/j.bios.2019.111435
https://doi.org/10.1016/j.bios.2015.03.018
https://doi.org/10.3390/s20113121
https://doi.org/10.1128/spectrum.00491-22

Biosensors 2024, 14, 576 17 of 17

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

zEsseili, M. A ; Saif, L.].; Farkas, T.; Wang, Q. Feline Calicivirus, Murine Norovirus, Porcine Sapovirus, and Tulane Virus Survival
on Postharvest Lettuce. Appl. Environ. Microbiol. 2015, 81, 5085-5092. [CrossRef]

Barrett, PN.; Meyer, H.; Wachtel, I; Eibl, J.; Dorner, F. Determination of the inactivation kinetics of hepatitis A virus in human
plasma products using a simple TCID50 assay. J. Med. Virol. 1996, 49, 1-6. [CrossRef]

Randviir, E.P,; Banks, C.E. A review of electrochemical impedance spectroscopy for bioanalytical sensors. Anal. Methods 2022, 14,
4602-4624. [CrossRef]

Srinivasan, S. Electrode/electrolyte interfaces: Structure and kinetics of charge transfer. In Fuel Cells: From Fundamentals to
Applications; Springer: Berlin/Heidelberg, Germany, 2006; pp. 27-92.

Ziebuhr, ].; Herold, ].; Siddell, S.G. Characterization of a human coronavirus (strain 229E) 3C-like proteinase activity. J. Virol. 1995,
69, 4331-4338. [CrossRef]

Wang, S.; Zhang, ].; Gharbi, O.; Vivier, V,; Gao, M.; Orazem, M.E. Electrochemical impedance spectroscopy. Nat. Rev. Methods
Primers 2021, 1, 41. [CrossRef]

Rinken, T. Biosensors: Micro and Nanoscale Applications; BoD-Books on Demand: Norderstedt, Germany, 2015.

Bahadir, E.B.; Sezginttirk, M.K. Electrochemical biosensors for hormone analyses. Biosens. Bioelectron. 2015, 68, 62-71. [CrossRef]
Grossi, M.; Ricco, B. Electrical impedance spectroscopy (EIS) for biological analysis and food characterization: A review. J. Sens.
Sens. Syst. 2017, 6, 303-325. [CrossRef]

Hansen, L.; Nagdeve, S.N.; Suganthan, B.; Ramasamy, R.P. An Electrochemical Nucleic Acid Biosensor for Triple-Negative Breast
Cancer Biomarker Detection. Sensors 2024, 24, 5747. [CrossRef]

Cao, X.; Ye, Y,; Liu, S. Gold nanoparticle-based signal amplification for biosensing. Anal. Biochem. 2011, 417, 1-16. [CrossRef]
Kerman, K.; Saito, M.; Tamiya, E.; Yamamura, S.; Takamura, Y. Nanomaterial-based electrochemical biosensors for medical
applications. TrAC Trends Anal. Chem. 2008, 27, 585-592. [CrossRef]

Kim, E.Y.;; Kumar, D.; Khang, G.; Lim, D.-K. Recent advances in gold nanoparticle-based bioengineering applications. . Mater.
Chem. B 2015, 3, 8433-8444. [CrossRef]

Umasankar, Y.; Ramasamy, R.P. Highly sensitive electrochemical detection of methyl salicylate using electroactive gold nanoparti-
cles. Analyst 2013, 138, 6623—6631. [CrossRef]

Karakogak, B.B.; Raliya, R.; Davis, ].T.; Chavalmane, S.; Wang, W.-N.; Ravi, N.; Biswas, P. Biocompatibility of gold nanoparticles
in retinal pigment epithelial cell line. Toxicol. Vitr. 2016, 37, 61-69. [CrossRef]

Bodelon, G.; Costas, C.; Pérez-Juste, ].; Pastoriza-Santos, 1.; Liz-Marzén, L.M. Gold nanoparticles for regulation of cell function
and behavior. Nano Today 2017, 13, 40-60. [CrossRef]

Richards, G.P. Critical review of norovirus surrogates in food safety research: Rationale for considering volunteer studies. Food
Environ. Virol. 2012, 4, 6-13. [CrossRef]

Liu, D.X; Liang, ].Q.; Fung, T.S. Human coronavirus-229E,-OC43,-NL63, and-HKU1 (Coronaviridae). Encycl. Virol. 2021, 2,
428-440.

Warnes, S.L.; Little, Z.R.; Keevil, C.W. Human coronavirus 229E remains infectious on common touch surface materials. MBio
2015, 6, €01697-15. [CrossRef]

Murphy, P,; Nowak, T.; Lemon, S.M.; Hilfenhaus, J. Inactivation of hepatitis A virus by heat treatment in aqueous solution. J. Med.
Virol. 1993, 41, 61-64. [CrossRef]

Trudel-Ferland, M.; Jubinville, E.; Jean, ]J. Persistence of Hepatitis A Virus RNA in water, on non-porous surfaces, and on
blueberries. Front. Microbiol. 2021, 12, 618352. [CrossRef]

Tang, D.; Tang, J.; Su, B.; Ren, J.; Chen, G. Simultaneous determination of five-type hepatitis virus antigens in 5 min using an
integrated automatic electrochemical immunosensor array. Biosens. Bioelectron. 2010, 25, 1658-1662. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1128/AEM.00558-15
https://doi.org/10.1002/(SICI)1096-9071(199605)49:1%3C1::AID-JMV1%3E3.0.CO;2-A
https://doi.org/10.1039/D2AY00970F
https://doi.org/10.1128/jvi.69.7.4331-4338.1995
https://doi.org/10.1038/s43586-021-00039-w
https://doi.org/10.1016/j.bios.2014.12.054
https://doi.org/10.5194/jsss-6-303-2017
https://doi.org/10.3390/s24175747
https://doi.org/10.1016/j.ab.2011.05.027
https://doi.org/10.1016/j.trac.2008.05.004
https://doi.org/10.1039/C5TB01292A
https://doi.org/10.1039/c3an01295f
https://doi.org/10.1016/j.tiv.2016.08.013
https://doi.org/10.1016/j.nantod.2016.12.014
https://doi.org/10.1007/s12560-011-9072-7
https://doi.org/10.1128/mBio.01697-15
https://doi.org/10.1002/jmv.1890410113
https://doi.org/10.3389/fmicb.2021.618352
https://doi.org/10.1016/j.bios.2009.12.004
https://www.ncbi.nlm.nih.gov/pubmed/20022741

	Introduction 
	Materials and Methods 
	Chemicals and Apparatus 
	Cell Culture 
	HAV Generation 
	Electrode Preparation 
	Optimization of HAV Incubation Time 
	Electrochemical Measurements 
	Biosensor Limit of Detection (LOD) and Specificity Testing 
	Temperature Treatment of HAV for Testing with the Fabricated Biosensor 
	Biosensor Stability 
	Statistical Analyses 

	Results and Discussion 
	Development of the Biosensing Platform and Optimization of Incubation Time for HAV Detection 
	Sensitivity and LOD of the Biosensor 
	Specificity of the Biosensor 
	Differentiation Between Infectious and Non-Infectious HAV 
	Biosensor Stability Testing 

	Conclusions 
	References

